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ABSTRACT 
Due to the potential benefits of dietary fiber on gut health, interest in the use of 
higher-fiber coproducts in weaned pig diets has been growing. Young pigs are not 
efficient at utilizing dietary fiber. To maximize the nutritional value of fibrous coproducts 
and mitigate their potential negative effects on nutrient utilization and growth 
performance of young pigs, exogenous carbohydrases are widely used. However, the 
results regarding the impact of carbohydrases on performance have been inconsistent and 
a better understanding of associated mechanisms of carbohydrases in pigs is needed. 
Carbohydrases may also exert prebiotic effects through release of oligosaccharides from 
fiber degradation. Thus, dietary fiber and carbohydrases may improve disease resilience 
of young pigs against bacterial infections. Post-weaning diarrhea (PWD) caused by 
enterotoxigenic Escherichia coli (ETEC) is an economically important disease in the 
swine industry. Previous results regarding the impact of soluble versus insoluble fiber on 
PWD in weaned pigs have been conflicting. This highlights the need to better understand 
the mechanisms by which different sources of fiber mitigate or exacerbate PWD. 
Currently, limited research has evaluated if the addition of carbohydrase to higher-fiber 
diets can mitigate PWD in pigs. Therefore, the overall objective of this dissertation 
research was to evaluate the impact of exogenous carbohydrases and dietary fiber in 
weaned pigs under normal physiological and ETEC-challenged conditions and to 
elucidate the associated modes of action.  
To achieve our objective, two intensive experiments were conducted. The results 
from Experiment 1 (Chapters 2 and 3) showed that a carbohydrase enzyme blend (EB) 
improved growth rate of weaned pigs fed higher fiber diets (with added distillers dried 
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grains with solubles and wheat middlings), which may be partly due to enhanced small 
intestinal barrier integrity and reduced local and systemic markers of inflammation. The 
improved ileal barrier integrity in the ileum and decreased cecal total VFA concentration 
in EB suggests that EB addition shifts fiber degradation from the hindgut to the small 
intestine. This provides mode of action evidence for carbohydrase supplementation in 
improving performance of weaned pigs - enhancing gut barrier function and reducing 
inflammation to spare energy and nutrient for growth. Experiment 2 (Chapters 4 and 5) 
used a F18 ETEC challenge model. As expected, the ETEC challenge increased incidence 
of diarrhea, decreased markers of barrier integrity, disrupted intestinal microbial 
homeostasis, and reduced growth performance during the 14-day trial. The data suggest 
that a diet containing a soluble and highly fermentable fiber from sugar beet pulp with 
added carbohydrases may be used to improve gut health and maintain growth 
performance of pigs under moderate ETEC challenge. The use of an insoluble and poorly 
fermentable fiber from corn distillers dried grains with solubles may be avoided in 
feeding nursery pigs at risk of PWD.  
Overall, this dissertation work elucidated additional mechanisms, beyond nutrient 
utilization and microbiota, by which carbohydrases enhance growth performance of 
weaned pigs fed higher fiber diets. This research also shed light on gut health benefits of 
carbohydrase supplementation in higher-fiber diets in ETEC-challenged weaned pigs. 
Data from this dissertation suggest that appropriate use of exogenous carbohydrases in 
higher-fiber diets is promising in improving gut health and growth performance of 
weaned pigs. As such, carbohydrases may be used as an effective alternative feeding 
strategy to support reduced use of antibiotic growth promoters in pork production.
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CHAPTER I 
LITERATURE REVIEW 
 
Introduction 
It is common to feed agricultural coproducts, such as wheat middlings (WM) and 
corn distillers dried grains with solubles (DDGS), to growing pigs due to their wide 
availability and relatively low cost compared to grains and soybean meal. These 
coproducts contain high levels of dietary fiber, which cannot be broken down by 
digestive enzymes secreted by pigs. When diet is not fortified by fat or highly digestible 
protein and amino acids (AA), the inclusion of dietary fiber dilutes nutrient and energy 
density and sometimes results in reduced nutrient digestibility and growth performance, 
especially in nursery pigs whose digestive tract and function are not fully developed. 
In recent years, there has been growing interest in feeding dietary fiber to weaned 
pigs due to its potential prebiotic effects through interactions with the gut microbiota and 
the gut associated immune system. Thus, dietary fiber seems promising to control 
intestinal bacterial infection and maintain or restore microbial hemostasis. Previous 
research on different sources of dietary fiber in mitigating enterotoxigenic Escherichia 
coli (ETEC) associated post-weaning diarrhea (PWD) has been conflicting and 
mechanisms are not fully understood. 
Supplementation of exogenous carbohydrases (e.g., xylanase, -glucanase) has 
been suggested as an effective and widely used strategy to mitigate the negative effect of 
dietary fiber, although the growth response in pigs has been less consistent than in 
poultry. A better understanding of the mechanisms of carbohydrases in pigs will allow 
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more efficient use of those enzymes to improve feed utilization and production of nursery 
pigs. Currently, the mode of action of carbohydrases on the metabolic and physiological 
responses in pigs that are fed high-fiber diets is lacking. Further, little is known about the 
impact of carbohydrases on pigs challenged with ETEC. Certain sources of dietary fiber 
and the addition of carbohydrases to fiber containing diets may be used as antibiotic 
alternatives to improve gut microbial homeostasis and to mitigate PWD caused by ETEC 
in weaned pigs. 
This literature review will provide an overview of the utilization of dietary fiber 
and exogenous enzymes in pigs, especially nursery pigs, and their impact on gut 
microbiota and function as well as growth performance. Post-weaning diarrhea caused by 
ETEC will also be reviewed.  
Dietary fiber in swine diets 
Dietary fiber definition and characteristics 
The term ‘dietary fiber’ (DF) was first defined by Hipsley (1953) as ‘non-
digestible constituents that make up the plant cell”. However, the definition of DF has 
been continuously debated and universal agreement has not been reached (DeVries et al., 
1999). An important aspect of the definition is that DF consists of carbohydrates that are 
indigestible by endogenous mammalian enzymes, and chemically it includes non-starch 
polysaccharides (NSP), resistant starch, oligosaccharides, and lignin (Bach Knudsen, 
2001; Trumbo et al., 2002).  
In swine diets, DF is primarily from the plant cell walls of cereal grains and 
fibrous coproducts that consist of a series of polysaccharides and the phenolic polymer 
lignin (McDougall et al., 1996; Bach Knudsen, 2001). The main NSP are cellulose, 
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arabinoxylans (AX), β-glucan, xyloglucans, rhamnogalacturonans, and arabinogalactans 
(Bach Knudsen, 2001). These carbohydrate polymers mainly consist of pentoses 
(arabinose and xylose), hexoses (glucose, galactose, and mannose), 6-deoxyhexoses 
(rhamnose and fucose), and uronic acids (glucuronic and galacturonic acids; BeMiller, 
2010). It is important to note that the analytical methods used to characterize ″fiber″ often 
overlap or may exclude fractions of other distinctly different carbohydrate fractions in 
feed ingredients (Fig. 1.1; Hall, 2003). Considering the monosaccharide composition, 
chemical structure (linear vs. branched; chain length), diverse linkages between two 
monosaccharides and/or oligosaccharides, DF is one of the most heterogeneous, 
complicated, and poorly understood components of swine diets.  
Dietary fiber exerts nutritional effects in pigs due to its physicochemical 
properties, such as solubility, water binding capacity, viscosity and fermentability in the 
intestine (Bach Knudsen, 2001). These physicochemical properties are commonly used to 
classify DF into soluble vs. insoluble, fermentable vs. less fermentable, or viscous vs. 
non-viscous (Dikeman and Fahey, 2006). While soluble fiber is often associated with 
high fermentability and viscosity (e.g., barley or oat β-glucan), and insoluble fiber is 
normally linked with low fermentability and viscosity (e.g., barley hulls, DDGS), these 
associations are not always true. As an example, inulin is soluble and fermentable, but 
does not increase viscosity (Wellock et al., 2008). Similarly, soy hulls are insoluble and 
non-viscous, but highly fermentable in the intestine of pigs (Jaworski and Stein, 2017).  
Sources of dietary fiber for young pigs 
The restrictions in using antibiotic growth promoters in livestock production in 
the U.S. and worldwide, together with the relatively low price of agricultural coproducts, 
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provides motivation to study feeding fibrous ingredients in young animal diets (Molist et 
al., 2014). Despite the possible negative impact of dietary fiber on nutrient and energy 
digestibility (Kerr and Shurson, 2013; Gutierrez et al., 2016), there is a growing interest 
in including moderate amounts of DF in pig diets, due to its potential beneficial effects on 
gut health and sow welfare (Mateos et al., 2007; Molist et al., 2014; Jha and Berrocoso, 
2015). Currently, there is no defined requirement for DF in pigs. Higher fiber diets are 
typically achieved through adding or increasing fibrous coproducts or purified fiber 
sources.  
Distillers dried grains with solubles is the major coproduct from the dry milling 
industry to produce ethanol from cereal grains. The conversion of grain starch 
(approximately 60%) to ethanol results in the concentration of the non-fermented 
carbohydrates (mainly insoluble NSP) to be 3 times of that of the parent grain. Non-
starch polysaccharides make up 25-30% of the DDGS, with AX and cellulose being the 
major NSP (Table 1.1). Reviewing data from 10 experiments, Stein and Shurson (2009) 
concluded that up to 30% of DDGS may be included in nursery pig diets without 
reducing growth rate. Although reduced digestibility of energy and nutrients was reported 
in pigs fed diets containing DDGS compared with those fed corn-soybean meal-based 
diets (Agyekum et al., 2016), supplementation of exogenous enzymes (multi-
carbohydrase and protease) may degrade the fiber–starch–protein matrix in corn DDGS, 
and thereby improve nutrient release (Jha et al., 2015; Ndou et al., 2015; Agyekum et al., 
2016). 
Wheat middlings are coproducts derived from the wheat flour industry. Due to the 
variability in different processing procedures used in flour extraction, WM are sometimes 
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classified based on their protein and fiber concentration and called wheat shorts, wheat 
red dog, wheat mill run, and wheat bran (Nortey et al., 2008). The total dietary fiber 
concentration in WM and wheat bran is usually between 25 and 35% (Rosenfelder et al., 
2013). Wheat middlings may be included in phase 3-diets of weaned pigs (33 – 54 d age) 
by up to 20% if diets are formulated to similar concentrations of standard ileal digestible 
(SID) AA and net energy (NE; Garcia et al., 2015). Positive effects of the addition of 
enzymes (mainly xylanase) on nutrient and energy digestibility in pigs have been well 
documented when wheat and/or wheat coproducts are the main ingredients in the test 
diets (Nortey et al., 2008; Ndou et al., 2015; Moran et al., 2016). 
Sugar beet pulp (SBP) is a fibrous coproduct of sugar extraction from the root of 
sugar beet (Beta vulgaris L.). The sugar content in SBP is negligible due to the efficient 
extraction of sugar (Serena and Knudsen, 2007). The total dietary fiber concentration in 
SBP is around 73.7% with 29% soluble NSP content (Table 1.1). Because uronic acid 
and arabinose derived from pectin are the major contributors to soluble NSP in SBP, the 
swelling and water binding capacity of SBP are 3-5 times higher compared to wheat and 
barley (Serena and Knudsen, 2007). As a good fermentable fiber source, SBP was added 
at up to 12% in weaning pig diets as a potential management tool to limit the 
development of bacterial infections that frequently occur in the post-weaning period 
(Bikker et al., 2006; Schiavon et al., 2016). Other common fiber sources for pigs are 
listed in Table 1.1.  
Effect of dietary fiber on pig growth performance 
It seems that when diets are formulated with equivalent levels of SID AA and NE, 
increasing DF levels does not compromise pig growth (Linneen et al., 2008; Stein and 
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Shurson, 2009; Kerr et al., 2015). In contrast, other studies reported decreased growth 
rate of nursery pigs fed diets containing 5-30% DDGS (Burkey et al., 2008; Avelar et al., 
2010) or of growing pigs received diets with 30% DDGS (Agyekum et al., 2014; 
Agyekum et al., 2015), although the diets were formulated to similar concentrations of 
NE and SID AA. The conflicting results among studies could be explained by differences 
in the quality of the DDGS used, and therefore inaccurate ingredient nutrient and energy 
levels may be used in the formulation. Fibrous ingredients can increase endogenous 
losses of AA and other nutrients from digestive enzymes, mucins, and/or sloughed 
enterocytes (Dilger et al., 2004; Adeola et al., 2016). Consequently, the requirement of 
essential AA that are rich in those components, such as threonine in mucin, in pigs fed 
high fiber diets would be higher than those fed low fiber diets. For example, Mathai et al. 
(2016) reported increasing fiber levels in diets fed to growing gilts increased the 
requirement for threonine. Therefore, when this increased requirement for specific AA is 
not considered and adjusted in diets with high fiber, decreased growth could also be 
expected.  
It should be noted that the hot carcass weight and carcass yield are often 
decreased when pigs are offered high fiber diets throughout the finishing period, although 
live weight is not affected (Salyer et al., 2012; Weber et al., 2015). The reduction in 
carcass yield is attributed to increased intestinal digesta and tissue weights (Weber et al., 
2015). One strategy to overcome the compromised carcass performance is to remove 
high-fiber ingredients from the diet approximately 3 weeks before slaughter (Asmus et 
al., 2014; Coble et al., 2018). 
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High inclusion of fibrous ingredients increases diet bulkiness, which may reduce 
the feed intake of young pigs due to their limited physical gut capacity (Li and Patience, 
2016). For example, increasing the inclusion rate of corn DDGS from 0 to 30% in 
weaning diets linearly decreased feed intake (Yang et al., 2018), in agreement with 
Burkey et al. (2008). However, pigs may adapt to high fiber diets with increased weight 
and volume of the whole gut, and thus improve gut fill (Kyriazakis and Emmans, 1995; 
Coble et al., 2017). When this occurs, feed intake will not be affected by consuming high 
fiber diets as often observed in growing-finishing pigs (Agyekum et al., 2014; Kerr et al., 
2015).  
Effect of dietary fiber on nutrient digestibility 
The apparent total tract digestibility (ATTD) of fiber (NSP) varied from 6.5 to 
57.3% in corn, sorghum, wheat, and coproducts from these grains (Jaworski et al., 2015). 
In general, the apparent ileal digestibility (AID) and ATTD of dry matter (DM) and 
energy are negatively associated with increasing dietary fiber concentrations in pig diets. 
Noblet and Perez (1993) measured 114 diets with different fiber content and reported that 
every 1.0% of additional NDF in the diet decreased the gross energy (GE) digestibility 
by 1.1% and digestible energy (DE) content by 40 kcal/kg of DM. In the energy 
prediction equations for coproducts of cereals and legumes, researchers consistently 
observed a linear decrease in DE and ME content with increasing levels of dietary fiber 
(Li et al., 2014; Li et al., 2015; Liu et al., 2015; Shi et al., 2015). Similarly, pigs fed high 
fiber diets had a lower digestibility of starch, fat, and crude protein compared with those 
receiving low fiber diets (Wilfart et al., 2007; Gutierrez et al., 2014; Agyekum et al., 
2016; Zeng et al., 2018c).  
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Several mechanisms may explain the negative impact of high fiber diets on 
nutrient digestibility. Firstly, the plant cell wall acts as a physical barrier and entraps 
nutrients inside of the cell wall, hampering accessibility to digestive enzymes. As 
revealed by microscopy technology, much of the starch and lipids were encapsulated by 
the cell wall matrix after digestion of wheat endosperm and almonds; rupturing the cell 
wall by grinding (decreased particle size) improved AID of starch and fat (Edwards et al., 
2015; Grundy et al., 2015). Secondly, soluble fiber may increase digesta viscosity and 
thereby slow down the diffusion of the substrates and enzymes in the small intestine, 
which may reduce nutrient digestion and absorption. Indeed, soluble fiber diets based on 
purified guar gum, ryes, and wheat have been reported to increase digesta viscosity, 
coinciding with decreased energy and nutrient digestibility (Owusu-Asiedu et al., 2006; 
Lærke et al., 2015). Thirdly, soluble fiber can impair bile salt recycling and mixing and 
transport of micelles, which limits the effectiveness of the emulsification process and 
mass transfer of lipolytic products to the mucosal surface. All of the above together lead 
to decreased lipid digestion and absorption (Gunness and Gidley, 2010). Lastly, insoluble 
fiber (such as wheat bran or cellulose) accelerates the rate of passage of digesta and 
reduces the transit time in the digestive tract (Latymer et al., 1990; Wilfart et al., 2007), 
thereby causing decreased nutrient digestion. Furthermore, dietary fiber ingestion has 
been shown to increase endogenous loss of nitrogen and amino acids due to enhanced 
secretion of digestive enzymes, mucin, and sloughed epithelial cells in the small intestine 
(Schulze et al., 1994).  
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Degradation of fiber in digestive tract 
Although dietary fiber is primarily fermented in the large intestine, a significant 
amount of fiber, mainly the soluble fraction, is fermented in the small intestine (Bach 
Knudsen, 2001). The fraction that is fermented may be considered a fast fermentable 
fiber because the transit time from mouth to ileum averages 2.9 h (Wilfart et al., 2007; 
Urriola et al., 2010).  
The fermentation of dietary fiber is affected by the age of pigs, the composition, 
structure, physicochemical characteristics (e.g., solubility), and concentration of fiber in 
the diet (Jha and Berrocoso, 2016). Typically, growing-finishing pigs have a more 
developed digestive tract and better capability to ferment fiber than nursery pigs. 
Gutierrez et al. (2013) fed diets containing increasing levels (10, 20, 30, and 40%) of 
corn bran in corn-soybean meal diets to growing pigs and showed that the ATTD of NDF 
slightly decreased from 42.6% to 41.9% as corn bran was added at 20% of the diet, and 
was sharply reduced to 29.3% and 30.5 % when corn bran was added at 30% and 40% of 
the diet, respectively. Soluble fiber is fermented at a faster rate and has greater ileal and 
total tract digestibility than insoluble fiber (Urriola et al., 2010; Jaworski and Stein, 
2017). However, Jaworski and Stein (2017) reported that water binding capacity and bulk 
density of the diet were not correlated with ileal or total tract digestibility of fiber or 
energy. Similarly, Serena et al. (2008) were also unable to correlate physicochemical 
properties of dietary fiber with the digestibility of fiber and energy in sows. There are still 
gaps in understanding the relationship between physicochemical characteristics of fiber 
and its degradation in the digestive tract. 
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Effect of fiber on gut microbiota and fermentation products 
Diets play an important role in regulating gut microbiota because most microbes 
in the gut obtain energy by degrading complex dietary compounds, particularly dietary 
fiber (Nicholson et al., 2012). Changes in the gut microbiota due to diet alterations has 
been observed after 5 days in humans and 5-10 days in pigs (David et al., 2014). While it 
is widely acknowledged that DF consumption can regulate intestinal microbiota in pigs, 
the pattern of microbial changes has been relatively unpredictable. For example, soluble 
fiber from SBP has been reported to increase the counts of beneficial bacteria 
Lactobacillus compared with the low fiber control diet in weaned pigs (Thomson et al., 
2012; Yan et al., 2017). However, this contradicts the findings by others that soluble fiber 
stimulated the proliferation of pathogenic bacteria, such as ETEC and Salmonella (Pluske 
et al., 1998; Hopwood et al., 2004).  
The main concern with soluble fiber is that it may increase digesta viscosity and 
undigested nutrients and delays digesta passage rate, which provides nutrients and 
microenvironment for pathogen proliferation and subsequent colonization, ultimately 
leading to compromised animal health (Agyekum and Nyachoti, 2017). But the 
speculation that increased viscosity due to soluble fiber directly causes increased 
occurrence or severity of bacterial infection, such as PWD, has not yet been proven in 
pigs.  
Similarly, inconsistent results from the inclusion of insoluble fiber in pig diets 
have been reported for reducing intestinal pathogenic bacteria and mitigating enteric 
infections (Kim et al., 2008; Molist et al., 2011; Wilberts et al., 2014; Burrough et al., 
2015). Therefore, further research is warranted to investigate whether soluble or insoluble 
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dietary fiber or a combination of both, and at which inclusion rate, can exert prebiotic 
effects and protect pigs against intestinal bacterial infection. The responses will also 
depend on the basal diets, environment, the age, health status, and initial bacterial 
community of pigs studied.    
Dietary fiber provides the majority of carbohydrates that pass from the small to 
the large intestine, where intestinal microbes ferment fiber into volatile fatty acids (VFA; 
mainly acetate, propionate, and butyrate; Flint et al., 2007). When fermentable fibers are 
in short supply, microbes switch to energetically less favorable sources for growth, such 
as AA from dietary or endogenous sources; this results in increased production of 
branched-chain fatty acids such as isobutyrate and isovalerate (Russell et al., 2011). 
Individual VFA are metabolized by the body in different ways and have specific 
metabolic roles. Butyrate is the preferred energy source for colonocytes and is locally 
consumed, whereas other absorbed VFA drain into the portal vein. Propionate is 
converted to glucose in the liver and thus is only present at low concentration in the 
periphery, leaving acetate as the most abundant VFA in peripheral circulation 
(Cummings et al., 1987). While fiber fermentation to produce VFA is considered less 
efficient than absorption as monosaccharides in the small intestine, VFA contribute 
approximately 10 to 20% of dietary DE for growing and finishing pigs (Iyayi and Adeola, 
2015). 
The profile of VFA is affected by the dietary substrates, host microbiota, and 
physiological stage of the host (Nicholson et al., 2012). For example, cellulose and AX 
appear to stimulate the growth of different microbes in the intestine, resulting in 
increased production and absorption of acetate from cellulose and butyrate from AX, 
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respectively (Bach Knudsen et al., 2016). Butyrate has been known for its positive effects 
on gut and metabolic health (Flint et al., 2012). Thus, modulating dietary fiber 
components may indirectly promote gut health via microbial fermentation products.   
Dietary fiber and gut health in young pigs 
The primary function of the gastrointestinal tract (GIT) is to digest and absorb 
nutrients from the diet. Meanwhile, the GIT also serves as a physical barrier to prevent 
the translocation of luminal toxins and antigens into epithelial immune cells or the blood 
circulation. Thus, the GIT plays a major role in regulating epithelial and immune 
functions which are important for normal biological functioning and maintaining 
homeostasis in both the GIT and the body (Zhang et al., 2018a). The term “gut health” 
has been widely used, yet it lacks a precise and universal definition. As summarized in a 
few recent reviews, gut health involves a number of physiological and functional 
activities including nutrient digestion and absorption, a balanced and stable microbiota, 
robust defense mechanisms including barrier function and mucosal immunity, and the 
complex interactions between these components (Gresse et al., 2017; Moeser et al., 2017; 
Pluske et al., 2018; Zhang et al., 2018a). In this regard, dietary components, such as fiber 
and exogenous enzymes, influencing the microbiota, barrier function, and the immune 
systems of the GIT, are highly relevant to the topic to gut health.  
Maintaining gut health in newly weaned pigs is of importance because weaning 
stress induces rapid changes in intestinal structure and function. The current restriction in 
the use of antibiotic growth promotes forces producers and nutritionists to seek effective 
alternatives to maintain health and growth of young pigs. Dietary fiber can regulate gut 
health through interaction with both the microbiota and the mucosa (Montagne et al., 
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2003). For example, DF might interrupt the adherence of bacteria to the intestinal mucosa 
and prevent the initiation of the infection process (Shoaf-Sweeney and Hutkins, 2009; 
Molist et al., 2014). Gonzalez-Ortiz et al. (2014) reported that the soluble extracts 
obtained from wheat bran and locus bean were good candidates for prevention of ETEC 
K88-induced diarrhea in weaning pigs because of their anti-adhesive capacity. Molist et 
al. (2010) challenged weaning pigs with ETEC K88 and found that inclusion of both 
coarsely or finely ground wheat bran (40 g/kg) decreased ETEC K88 population in the 
ileal digesta and mucosa as well as microbial density in the ileal digesta. 
In addition, microbial fermentation products can promote the proliferation of the 
mucosal epithelium by increasing gut length, mass, and villus height (Jin et al., 1994; 
Brunsgaard, 1998). Chen et al. (2013) replaced 10% of corn with wheat bran in weaning 
diets and observed increased colonic butyrate followed by a greater ratio of villus height 
to crypt depth in the ileum and up-regulated mRNA levels for zonula occludens 1 (ZO-1) 
in the ileum and colon. In a similar study, the addition of 10% AX derived from wheat 
bran promoted cecal Lactobacillus growth, increased intestinal alkaline phosphatase 
activities, and reduced intestinal transcellular permeability by 77.3% compared with a 
control diet in piglets (Chen et al., 2015). 
Beyond the modulation of intestinal microbiota, DF plays a role in regulating the 
immune response or status in pigs, directly or indirectly. Evidence suggests that the 
addition of DF alters intestinal morphology and function and modifies the gut-derived 
hormones and production of cytokines (Schley and Field, 2002). Depending on the 
linkage types and structure, DF can be taken up by M-cells in the Peyer's patches and be 
transported to underlying immune cells and other cells, leading to localized cytokine 
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production (Volman et al., 2008). Dietary fiber may also be taken up by intestinal 
macrophages and dendritic cells and transported to lymph nodes, spleen and bone 
marrow (Mendis et al., 2016). Moreover, direct interaction of fibers with colonic 
epithelial cells or leukocytes may induce changes in gut inflammation (Samuelsen et al., 
2011). Metzler-Zebeli et al. (2012) reported that supplementing dietary β-glucan into 
weaning diets upregulated the expression of cecal monocarboxylate transporter 1 by 40% 
and colonic IL-6 by 142% compared with the control diet. Weber et al. (2008) found that 
feeding 7.5% DDGS to weaning pigs increased the transcription of both pro-
inflammatory and anti-inflammatory cytokine genes in intestinal tissues. Furthermore, 
pigs fed diets with AX from wheat showed increased intestinal secretory immunoglobulin 
A (SIgA) concentrations, goblet cell number, and reduced incidence of diarrhea 
compared with low fiber control diets (Chen et al., 2013; Chen et al., 2015). It is less 
known what results from the addition of soluble versus insoluble dietary fiber on markers 
of intestinal inflammation and tight junctions in weaned pigs after an F18 ETEC 
challenge.  
Exogenous carbohydrase in swine diets 
Increasing sustainability and profitability of pork production encourages the use 
of agricultural coproducts in swine diets. However, pigs are not efficient at degrading 
NSP components of coproducts (Adeola and Cowieson, 2011). The fiber matrix in 
different cereal grains and coproducts are composed of different polysaccharides and are 
arranged in different chemical structures. Thus, various exogenous carbohydrase 
enzymes are used individually or in combination to target their substrates in swine diets. 
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The common dietary carbohydrases are listed in Table 1.2, with xylanase and β-glucanase 
being the 2 dominant enzymes that account for 80% of the global carbohydrases market.  
Growth performance response to carbohydrases 
The growth performance response to the addition of carbohydrases has been 
inconsistent in pigs (Adeola and Cowieson, 2011). Positive growth responses have been 
reported, especially when higher levels of cereal grains rich in NSP or their coproducts 
were used in diets (Yoon et al., 2010; Jo et al., 2012; Ndou et al., 2015; Li et al., 2018). 
However, others reported no improvement in BW gain in response to exogenous enzymes 
(Kerr et al., 2013; Agyekum et al., 2015; Moran et al., 2016). In a meta-analysis review, 
Zeng et al. (2018b) summarized 99 enzyme studies and reported that exogenous 
carbohydrase or proteinase improved ADG by 2.49, 3.04, 3.97, and 2.68% in pigs fed 
diets with corn, wheat, barley and other grains (such as rye, oat, sorghum, or broken rice), 
respectively. Gain:feed was improved by 2.36, 3.11, 4.34, and 3.64% with exogenous 
enzyme supplementation in pig diets containing corn, wheat, barley and other grain-based 
diets, respectively. Significant improvements were observed in 90 out of 279 treatments 
for ADG and 74 out of 279 treatments for G:F. Adeola and Cowieson (2011) blamed the 
inconsistent results to differences in the type and quantity of cereal grains used, the age of 
the animal, the extent of deficiency of limiting nutrients, and the extent to which the 
enzyme increased digestible nutrient content. Zeng et al. (2018b) suggested that enzyme 
supplementation had more profound effects (5.33 vs. 2.62% of ADG improvement) in 
young pigs (BW < 25 kg) compared with older pigs (BW > 25 kg). It is probably because 
young pigs have a less developed GIT and limited hindgut fermentation capacity than 
older ones, which results in decreased nutrient and fiber digestibility. The presence of 
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phytase was suggested to enhance enzyme benefits in pigs fed corn basal diets (Zeng et al, 
2018a).  
Nutrient digestibility response to carbohydrases 
As the inclusion of fibrous ingredients in swine diets continues to increase, 
carbohydrase supplementation to improve digestibility of fiber and other nutrients 
receives growing attention. Three possible modes of action have been proposed to 
explain the improved nutrient digestibility accruing from enzyme addition. Firstly, adding 
carbohydrases may break down the plant cell wall NSP complex and release entrapped 
nutrients (e.g., protein, fat, and starch) for endogenous enzymes digestion, thus 
contributing to improvement in nutrient digestibility. This is supported by Jha et al. (2015) 
who showed that exogenous enzymes enhanced the degradation of fiber-starch-protein 
matrix in DDGS using an in vitro fermentation model and microscopy. Secondly, 
carbohydrases may ameliorate endogenous losses of mucin and sloughed epithelial cells 
induced by high dietary fiber, thus improving AID of N and AA (Cowieson and Bedford, 
2009).  
Another mode of action is the reduction in digesta viscosity in the presence of 
exogenous enzymes. It seems that carbohydrase supplementation consistently resulted in 
reduced intestinal viscosity and improved digestibility in poultry (Zhang et al., 2000; 
Chiang et al., 2005; Kiarie et al., 2014). However, the effects of carbohydrases on 
viscosity in pigs are inconsistent, as some researchers observed decreased digesta 
viscosity (Yin et al., 2001; Lærke et al., 2015), while others reported no changes in 
viscosity (Agyekum et al., 2012; Willamil et al., 2012). It is unknown if increased 
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viscosity is a concern for pigs but there are indications that it is of little, if any importance 
in swine gut function (Patience et al., 1992).  
Unfortunately, as with growth performance, the digestibility response to 
carbohydrases supplementation has been inconsistent (reviewed by Adeola and Cowieson, 
2011). The inconsistencies among studies may due to many factors, such as the dietary 
substrates (NSP level and composition), and dietary energy and SID AA levels, sources 
of supplemented enzymes (Ndou et al., 2015), presence of phytase, age of the pigs used 
in the studies, experimental duration, etc. Nevertheless, improvement in nutrient 
digestibility by enzyme addition is more robust at the terminal ileum than the total tract. 
For example, it was consistently reported that carbohydrase supplementation improved 
AID of fiber (NDF, ADF, or NSP) and energy, but did not change the ATTD of those 
components (Shrestha, 2012; Ndou et al., 2015; Pedersen et al., 2015; Moran et al., 2016; 
Zeng et al., 2018a).  
From the viewpoint of efficiency of energy-utilization, absorption of glucose or 
other monosaccharides derived from either entrapped starch or NSP in the small intestine 
is more effective than absorption as VFA after fermentation in the large intestine (Ohh, 
2011). Pigs have limited ability to metabolize the absorbed xylose (27 – 63 % retention) 
with considerably lower efficiency than glucose and excrete the excess xylose via urea 
(Huntley et al., 2018). It is still unclear to what extent the shift of fiber degradation from 
lower to upper gut contributes to enhancement in growth performance, because 
improvement in nutrient digestibility by the addition of carbohydrase does not always 
result in improved growth performance (Moran et al., 2016). Much progress is warranted 
to achieve more consistent enzyme efficacy in improving nutrient utilization and growth.  
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Gut microbiota and microbial metabolites response 
Carbohydrases can indirectly modulate intestinal microbiota through two ways: 1) 
release of fermentable oligosaccharides from dietary NSP depolymerization and 2) 
reduction of other fermentable substrates such as starch and protein through improving 
their digestion in the small intestine (Bedford and Cowieson, 2012). For example, 
xylanase increased AID of starch from 94.3 to 95.8% in pigs fed wheat-based diets. 
Although a 1.5% increase in starch digestibility may be marginal for the host, the 
undigested starch that seemed the easiest accessible nutrient for intestinal microbes was 
reduced by 26%. This reduction in starch in the proximal intestine due to improved 
digestibility may modulate not only the microbial population (decrease starch utilizing 
bacteria) but also the production of VFA. This was supported by Smith et al. (2010) who 
showed that cell wall degrading enzymes decreased the Lactobacilli in the ileal digesta of 
pigs fed barley or oat basal diets and wheat bran or soyhull-based diets. In agreement 
with the decreased easily fermentable starch and Lactobacilli population, reduced 
concentration of VFA in the colon was reported by Clarke et al. (2018) and was also 
observed in the experiments of this dissertation.  
Note that the microbial response to enzyme addition may depend on many factors, 
such as the efficacy of enzymes, the type and amount of dietary fiber substrate, as well as 
pig factors (e.g., age, health status, initial microbial population) reviewed elsewhere 
(Kiarie et al., 2013 and Mendis et al., 2016). Additionally, interaction of fiber and 
enzymes with other dietary nutrients (e.g., fatty acids, AA, Ca, P) and feed additives (e.g., 
Zn, Cu, phytase, organic acids) may also influence the microbial response to enzyme 
supplementation.  
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Previous studies evaluating intestinal microbial response to carbohydrase 
supplementation in pigs have been primarily focused on either a few cultivable microbes 
or common bacterial species using qPCR. Those approaches only cover a very small 
fraction of the whole bacterial species colonizing the GIT, making it difficult to 
effectively identify and quantify microbial species and their functions as well as 
mechanisms by which they affect host health (Zoetendal et al., 2004; Kiarie et al., 2013). 
The advent of next-generation sequencing (NGS; such as 16S rRNA) technology and 
increased utilization of this technology will help researchers explore more broad bacterial 
responses to diet modulation and to study the relationship between the diet, intestinal 
luminal and mucosal microbiota, and mucosal immunity. Currently, only several 
published studies have evaluated how carbohydrases affect gut microbiota in pigs using 
the 16S rRNA sequencing technology (Dong et al., 2018; Zhang et al., 2018b). To our 
knowledge, there is no published work evaluating if the addition of carbohydrases to high 
fiber diets protect weaned pigs against ETEC induced microbial dysbiosis using an ETEC 
challenge model.  
Effect of exogenous enzymes on gut function  
The impact of exogenous carbohydrases on intestinal and systemic immune status 
and gut barrier function in pigs has been largely unknown. As aforementioned, 
carbohydrase supplementation increased the release of oligosaccharides (Lærke et al., 
2015) via NSP degradation. Thus, it is hypothesized that carbohydrases may reduce 
markers of inflammation and improve the gut barrier through either production of 
oligosaccharides (Niewold et al., 2012) or alteration of the microbiota (and VFA), 
directly or indirectly (Bedford and Cowieson, 2012). Research evidence in these aspects 
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is currently limited. Li et al. (2018) reported that supplementing a carbohydrase blend in 
weaned pig diets reduced urinary lactulose:mannitol and increased ileal claudin-3 
(CLDN3) mRNA abundance, indicating improved barrier integrity. In the same study, 
markers of gut inflammation (ileal secretory IgA levels and IL-22 mRNA) were reduced 
by the carbohydrase blend, coinciding with improved growth performance. These provide 
evidence that the mechanism of action by which carbohydrases enhance growth is at least 
partly through improvement in gut barrier function and down-regulation of inflammation 
in weaned pigs. This may also explain why the addition of xylanase improved the 
survivability and number of total market pigs (Boyd et al., 2018). Therefore, exogenous 
enzymes may be used as an effective alternative to AGP in pigs to improve growth and 
enhance gut health. More studies are required to understand the impact of exogenous 
enzymes on the intestinal function and health in pigs. Such understanding will help 
improve pig production in the antibiotic-reduced era by effectively using those enzymes.  
Post-weaning diarrhea 
Post-weaning diarrhea (PWD) caused by ETEC is an economically important 
disease for the swine industry worldwide because it leads to increased mortality, 
morbidity, medication cost, and decreased growth performance (Fairbrother and Gyles, 
2012). Post-weaning diarrhea usually occurs between 4 and 14 days post weaning. 
Various stressors (e.g., environment, diet change, social), removal of milk (rich in IgA), 
and immature intestinal immune function in newly weaned pigs may contribute to 
increased susceptibility and severity of PWD (Campbell et al., 2013; Heo et al., 2013).  
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Pathogenesis of ETEC 
Enterotoxigenic E. coli refers to E. coli strains that produce heat labile (LT) 
and/or heat stable (STa, STb) enterotoxins. Virulent factors of ETEC include the 
expression of fimbria (e.g., F4 or F18) and the production of enterotoxins (Zhang et al., 
2007). Fimbria are the most prevalent type of adhesive surface antigens of ETEC. The 
adherence of fimbria to specific receptors in the brush border of host epithelial cells is the 
initial and essential step for ETEC pathogenesis. In pigs, F4 and F18 are the predominant 
ETEC strains associated with post-weaning diarrhea (Frydendahl, 2002; Zhang et al., 
2007).  
The expression of fimbrial adhesin binding receptors in the small intestine of pigs 
determines their susceptibility to ETEC-induced diarrhea (Frydendahl et al., 2003; 
Roubos-van den Hil et al., 2017). The expression of the F4 receptor also exists in 
neonatal pigs; thus, F4 ETEC induces diarrhea in both pre- and post-weaning pigs 
(Fairbrother et al., 2007). By contrast, the F18 receptor, involving the α (1,2)-
fucosyltransferase gene (FUT1), is not fully expressed in piglets under 3 weeks of age; 
thus, F18 ETEC causes diarrhea only in weaned pigs (Coddens et al., 2007). A guanine 
(G)/adenine (A) polymorphism at nucleotide 307 in the FUT1 gene has been proposed as 
the key gene controlling genetic sensibility to F18 ETEC, with genotype GG and GA 
representing susceptibility and AA representing resistance to adhesion (Meijerink et al., 
1997). 
Following adhesion and colonization, the expressed enterotoxins (LT, STa, STb) 
can be translocated into enterocytes. Enterotoxins then induce a cellular response to 
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increase the secretion and impair the absorption of water and electrolytes (Na+ coupled 
Cl¯), which eventually causes secretory diarrhea of infected pigs (Sun and Kim, 2017).   
Impact of post-weaning diarrhea in pigs 
Experimental ETEC challenge models have been widely used to induce PWD and 
to evaluate the impact of PWD on physiological and immunological responses and 
growth performance in pigs. Successful challenge models induce either a clinical 
response of increased diarrhea and hemolytic E. coli shedding or a subclinical response of 
impaired growth performance.  
The impact of an ETEC challenge on intestinal morphological changes in pigs has 
been conflicting, with some reporting no association of ETEC infection with 
morphological changes, and others reporting a positive association of ETEC challenge 
with reduced villous height and villus height:crypt depth ratio (Gao et al., 2013; Liu et 
al., 2013). This inconsistency may be due to the severity of the challenge and genetics of 
the pigs. That different genetics influence a pig’s response to ETEC infection was 
supported by (Gao et al., 2013), who compared Jinhua and Landrace pigs and reported 
that decreased jejunal occludin (OCLN) mRNA was observed in both breeds and 
decreased ZO-1 and ZO-2 mRNA in the jejunum and ileum only detected in Jinhua pigs 
after ETEC K88 infection.  
Several studies have shown that an ETEC challenge induces an immune response, 
as evidenced by upregulation of IL-1B, IL-8, and IL-17A mRNA (Loos et al., 2012), 
increased levels of TNF-alpha and haptoglobin in the serum (Liu et al., 2013), and 
elevated numbers of white blood cells and neutrophils as well as increased plasma IgA 
concentration (Sugiharto et al., 2014).  
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Pathogenic bacterial challenges cause overgrowth of the infected bacteria and 
disrupt intestinal microbial homeostatis (Burrough et al., 2017; Argüello et al., 2018). 
Currently, limited research has investigated how an ETEC challenge impacts the 
intestinal microbiota of weaned piglets (Yang et al., 2016; Pollock et al., 2018). The 
emergence of 16S rRNA high throughput sequencing will provide an opportunity to study 
the complex microbial communities and the relationship between the microbiota and the 
immune response.  
Dietary interventions to control post-weaning diarrhea 
 Historically, antimicrobial compounds, such as apramycin and colistin, have been 
used to prevent or control PWD in the swine industry. However, with increasing 
antimicrobial resistance in some bacterial strains, including E. coli isolates from pig 
farms (Amezcua et al., 2002), the use of in-feed AGP in pig production has been banned 
in the European Union since 2006 and is currently restricted in the U.S.. Therefore, 
alternative nutritional strategies are needed to control gastrointestinal bacterial infection 
such as PWD and to improve growth performance similar to an AGP.  
 A number of potential alternatives have been proposed to prevent or mitigate 
PWD in pigs, such as zinc oxide, probiotics, prebiotics, synbiotics, organic acids, plant 
extracts, antimicrobial peptides, bacteriophages, spray dried porcine plasma, advantages 
and disadvantages of which in controlling PWD have been extensively reviewed 
elsewhere (Dubreuil, 2017; Rhouma et al., 2017; Sun and Kim, 2017; Tran et al., 2018). 
The current review will be focused on the effect of dietary fiber and exogenous 
carbohydrases on PWD in pigs. 
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Effect of dietary fiber on PWD 
As previously discussed, dietary fiber and oligosaccharides produced from the 
degradation of fiber may exert prebiotic effects; therefore, dietary fiber may be used to 
prevent or alleviate the detrimental effect of PWD in weaned pigs. In terms of 
understanding the role of dietary fiber in pig PWD, European countries has been in the 
leading position worldwide. However, their basal diets are more complex and composed 
of barley, oats, and wheat, which are very different from most typical North American 
swine diets that are mainly based on corn and soybean meal. Therefore, the research 
results obtained from studies in European countries may not be directly applied to the 
U.S. swine industry. 
Moreover, inconsistent results have been reported regarding the impact of dietary 
fiber on PWD in weaned pigs using experimental ETEC challenge models. The positive 
effect of soluble fiber from 5 or 15% inulin (Wellock et al., 2008) and insoluble fiber 
from 4% wheat bran (Molist et al., 2010) on reducing diarrhea score have been reported. 
By contrast, the inclusion of soluble fiber from 50% pearl barley or 4% 
carboxymethylcellulose (CMC) in a rice-based diet was reported to exacerbate PWD with 
increase diarrhea, greater digesta viscosity and ETEC K88 proliferation compared to the 
low fiber control diet (Hopwood et al., 2004; Montagne et al., 2004). Likewise, insoluble 
fiber from 30% corn DDGS increased the onset of swine dysentery after Brachyspira 
challenge in growing pigs (Wilberts et al., 2014). Discrepancies among studies may be 
attributed to multiple factors, including differences in the sources, physicochemical 
properties, and inclusion levels of fiber, the composition of basal diets, genetic 
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susceptibility to the pathogen, breeds, and health status of pigs, and the severity of the 
ETEC challenge.  
Therefore, the impact of the inclusion of different sources of dietary fiber in 
ETEC-challenged pigs fed a corn-soybean meal based diet and the associated modes of 
action need to be further explored. Sugar beet pulp and corn DDGS are industrial co-
products that are widely available and have been used in weaned pig diets in the U.S., but 
there has been little research to determine if the inclusion of SBP or corn DDGS can 
mitigate PWD caused by ETEC. An intensive study evaluating responses involving the 
immune response, gut function, and intestinal microbiota would help to understand the 
mechanisms of action and to develop effective strategies to protect piglets against ETEC-
induced diarrhea.  
Effect of exogenous carbohydrases on PWD 
Exogenous carbohydrase supplementation in swine diets may exert prebiotic 
effects through the release of oligosaccharides from the hydrolysis of dietary fiber as 
previously discussed. Thus, exogenous enzymes may be used to control PWD of pigs.  
Using intestinal perfusion models, Kiarie et al. (2008) and Kiarie et al. (2010) 
reported that NSP hydrolysis products of soybean meal, canola meal, wheat, and flaxseed 
by an enzyme blend (xylanase, cellulases, pectinase, mannanase, and galactanase) 
protected against ETEC-induced fluid and electrolyte losses, indicating positive effects of 
hydrolysis products in controlling ETEC-induced diarrhea in pigs. A follow-up in vivo 
study by the same authors showed that the inclusion of 5% NSP hydrolysis products 
increased pre-challenge ADG and ileal mucosal Lactobacilli counts, and decreased serum 
haptoglobin after an ETEC infection, compared to a control diet without hydrolysis 
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products (Kiarie et al., 2009a, b). Similarly, the addition of 1% arabinoxylan 
oligosaccharides (AXOS) derived from wheat bran with xylanase hydrolysis attenuated 
an ETEC induced small intestinal response (Niewold et al., 2012).  
However, it is still unknown if supplementation of carbohydrases to high fiber 
diets will release adequate quantities of hydrolysis products (oligosaccharides) in the 
small intestine that can protect piglets against the ETEC infection. It is also unclear about 
how the addition of carbohydrases into high fiber diets affects ileal and colonic 
microbiota as well as growth performance of pigs challenged with ETEC.   
Summary and conclusions 
 In conclusion, including dietary fiber and supplementing exogenous enzymes, 
especially a blend with multiple enzyme activities, to effectively break down dietary NSP 
are promising strategies to improve gut health and disease resistance of pigs. However, to 
better utilize dietary fiber and exogenous enzymes in pig production to improve growth 
performance, especially in nursery period, a better understanding of their modes of action 
is needed.  
Therefore, the overall objective of this dissertation research was to evaluate the 
impact of exogenous carbohydrase and dietary fiber and to understand their mode of 
actions in weaned pigs under normal physiological or ETEC-challenged conditions. More 
specifically, the objective of Experiment 1 (Chapters 2 and 3) was to evaluate the effect 
of xylanase and/or a carbohydrase enzyme blend on intestinal barrier function, intestinal 
and systemic inflammatory status, intestinal microbiota, nutrient digestibility, and growth 
performance in weaned pigs fed higher fiber diets (with added DDGS and WM). The 
objectives of Experiment 2 (Chapters 4 and 5) were to evaluate if including different 
27 
 
 
sources of dietary fiber (SBP vs. DDGS) can mitigate PWD caused by ETEC and to 
investigate if supplementing exogenous carbohydrase to high fiber diets will provide any 
additional benefits to ETEC-challenged pigs. 
This dissertation will provide evidence for the mechanisms of exogenous 
enzymes, including gut barrier function, which has been rarely reported and poorly 
understood. Understanding the mechanisms by which soluble vs. insoluble dietary fiber 
and exogenous enzymes supplementation mitigates PWD in weaned pigs will help 
develop nutritional strategies to control PWD and support reduced antibiotic use in pork 
production. 
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diarrhea; SBP: sugar beet pulp; SID: standard ileal digestible; SIgA: secretory 
immunoglobulin A; VFA: volatile fatty acids; WM: wheat middlings 
 
Literature cited 
Adeola, O., and A. Cowieson. 2011. Board-invited review: opportunities and challenges 
in using exogenous enzymes to improve nonruminant animal production. J. Anim. 
Sci. 89: 3189-3218. doi:10.2527/jas.2010-3715 
Adeola, O., P.C. Xue, A.J. Cowieson, and K.M. Ajuwon. 2016. Basal endogenous losses 
of amino acids in protein nutrition research for swine and poultry. Anim. Feed 
Sci. Technol. 221: 274-283. doi:10.1016/j.anifeedsci.2016.06.004  
28 
 
 
Agyekum, A., J. Sands, A. Regassa, E. Kiarie, D. Weihrauch, W. Kim, and C. Nyachoti. 
2015. Effect of supplementing a fibrous diet with a xylanase and β-glucanase 
blend on growth performance, intestinal glucose uptake, and transport-associated 
gene expression in growing pigs. J. Anim. Sci. 93: 3483-3493. 
doi:10.2527/jas.2015-9027 
Agyekum, A.K., and C.M. Nyachoti. 2017. Nutritional and metabolic consequences of 
feeding high-fiber diets to swine: A Review. Engineering. 3: 716-725. 
doi:10.1016/j.eng.2017.03.010 
Agyekum, A.K., A. Regassa, E. Kiarie, and C.M. Nyachoti. 2016. Nutrient digestibility, 
digesta volatile fatty acids, and intestinal bacterial profile in growing pigs fed a 
distillers dried grains with solubles containing diet supplemented with a multi-
enzyme cocktail. Anim. Feed Sci. Technol. 212: 70-80. 
doi:10.1016/j.anifeedsci.2015.12.006 
Agyekum, A.K., B.A. Slominski, and C.M. Nyachoti. 2012. Organ weight, intestinal 
morphology, and fasting whole-body oxygen consumption in growing pigs fed 
diets containing distillers dried grains with solubles alone or in combination with 
a multienzyme supplement. J. Anim. Sci. 90: 3032-3040. doi:10.2527/jas.2011-
4380 
Agyekum, A.K., T.A. Woyengo, B.A. Slominski, Y.L. Yin, and C.M. Nyachoti. 2014. 
Effects of formulating growing pig diet with increasing levels of wheat-corn 
distillers dried grains with solubles on digestible nutrient basis on growth 
performance and nutrient digestibility. J. Anim. Physiol. Anim. Nutr. 98: 651-
658. doi:10.1111/jpn.12112 
Amezcua, R., R.M. Friendship, C.E. Dewey, C. Gyles, and J.M. Fairbrother. 2002. 
Presentation of postweaning Escherichia coli diarrhea in southern Ontario, 
prevalence of hemolytic E. coli serogroups involved, and their antimicrobial 
resistance patterns. Canadian J. Vet. Res. 66: 73.  
Argüello, H., J. Estellé, S. Zaldívar-López, Á. Jiménez-Marín, A. Carvajal, M.A. López-
Bascón, F. Crispie, O. O’Sullivan, P.D. Cotter, and F. Priego-Capote. 2018. Early 
Salmonella Typhimurium infection in pigs disrupts Microbiome composition and 
functionality principally at the ileum mucosa. Sci. Rep. 8: 7788. 
doi:10.1038/s41598-018-26083-3 
Asmus, M.D., J.M. Derouchey, M.D. Tokach, S.S. Dritz, T.A. Houser, J.L. Nelssen, and 
R.D. Goodband. 2014. Effects of lowering dietary fiber before marketing on 
finishing pig growth performance, carcass characteristics, carcass fat quality, and 
intestinal weights. J. Anim. Sci. 92: 119-128. doi:10.2527/jas.2013-6679 
Avelar, E., R. Jha, E. Beltranena, M. Cervantes, A. Morales, and R.T. Zijlstra. 2010. The 
effect of feeding wheat distillers dried grain with solubles on growth performance 
and nutrient digestibility in weaned pigs. Anim. Feed Sci. Technol. 160: 73-77. 
doi:10.1016/j.anifeedsci.2010.06.009 
29 
 
 
Bach Knudsen, K.E. 2001. The nutritional significance of “dietary fibre” analysis. Anim. 
Feed Sci. Technol. 90: 3-20. doi:10.1016/s0377-8401(01)00193-6 
Bach Knudsen, K.E., H. Jørgensen, and P.K. Theil. 2016. Changes in short-chain fatty 
acid plasma profile incurred by dietary fiber composition. J. Anim. Sci. 94: 476-
479. doi:10.2527/jas.2015-9786 
Bedford, M.R., and A.J. Cowieson. 2012. Exogenous enzymes and their effects on 
intestinal microbiology. Anim. Feed Sci. Technol. 173: 76-85. 
doi:10.1016/j.anifeedsci.2011.12.018 
BeMiller, J. 2010. Carbohydrate analysis. In: S. Nielsen (ed.) Food analysis. p 147-177. 
Springer US. 
Bikker, P., A. Dirkzwager, J. Fledderus, P. Trevisi, I. le Huerou-Luron, J.P. Lalles, and 
A. Awati. 2006. The effect of dietary protein and fermentable carbohydrates 
levels on growth performance and intestinal characteristics in newly weaned 
piglets. J. Anim. Sci. 84: 3337-3345. doi:10.2527/jas.2006-076 
Boyd, R.D., C.E. Zier-Rush, and E. van Heugten. 2018. Advances with exogenous 
dietary enzymes to reduce diet cost and improve viability in growing pigs. J. 
Anim. Sci. 96(Suppl. 2): 64. (Abstr.). doi:10.1093/jas/sky073.119 
Brunsgaard, G. 1998. Effects of cereal type and feed particle size on morphological 
characteristics, epithelial cell proliferation, and lectin binding patterns in the large 
intestine of pigs. J. Anim. Sci. 76: 2787-2798.  
Burkey, T.E., P. S. Miller, R. Moreno, S. S. Shepherd, and E.E. Carney. 2008. Effects of 
increasing levels of distillers dried grains with solubles (DDGS) on growth 
performance of weanling pigs. J. Anim. Sci. 86(Suppl. 2): 50(Abstr.).  
Burrough, E.R., B.L. Arruda, J.F. Patience, and P.J. Plummer. 2015. Alterations in the 
colonic microbiota of pigs associated with feeding distillers dried grains with 
solubles. PLoS. ONE 10: e0141337. doi:org/10.1371/journal.pone.0141337 
Burrough, E.R., B.L. Arruda, and P.J. Plummer. 2017. Comparison of the luminal and 
mucosa-associated microbiota in the colon of pigs with and without swine 
dysentery. Front. Vet. Sci. 4: 139. doi:org/10.3389/fvets.2017.00139 
Campbell, J.M., J.D. Crenshaw, and J. Polo. 2013. The biological stress of early weaned 
piglets. J. Anim. Sci. Biotechnol. 4: 19. doi:10.1186/2049-1891-4-19 
Chen, H., X. Mao, J. He, B. Yu, Z. Huang, J. Yu, P. Zheng, and D. Chen. 2013. Dietary 
fibre affects intestinal mucosal barrier function and regulates intestinal bacteria in 
weaning piglets. Br. J. Nutr. 110: 1837-1848. doi:10.1017/S0007114513001293 
30 
 
 
Chen, H., W. Wang, J. Degroote, S. Possemiers, D. Chen, S. De Smet, and J. Michiels. 
2015. Arabinoxylan in wheat is more responsible than cellulose for promoting 
intestinal barrier function in weaned male piglets. J. Nutr. 145: 51-58. 
doi:10.3945/jn.114.201772 
Chiang, C.C., B. Yu, and P.W.S. Chiou. 2005. Effects of xylanase supplementation to 
wheat-based diet on the performance and nutrient availability of broiler chickens. 
Asian-Australas. J. Anim. Sci. 18: 1141-1146. doi:10.5713/ajas.2005.1141 
Clarke, L., T. Sweeney, E. Curley, V. Gath, S. Duffy, S. Vigors, G. Rajauria, and J. 
O’Doherty. 2018. Effect of β-glucanase and β-xylanase enzyme supplemented 
barley diets on nutrient digestibility, growth performance and expression of 
intestinal nutrient transporter genes in finisher pigs. Anim. Feed Sci. Technol. 
238: 98-110. doi: 10.1016/j.anifeedsci.2018.02.006 
Coble, K.F., J.M. DeRouchey, M.D. Tokach, S.S. Dritz, R.D. Goodband, and J.C. 
Woodworth. 2017. Effects of distillers dried grains with solubles and added fat 
fed immediately before slaughter on growth performance and carcass 
characteristics of finishing pigs. J. Anim. Sci. 95: 270. doi:10.2527/jas2016.0679 
Coble, K.F., J.M. DeRouchey, M.D. Tokach, S.S. Dritz, R.D. Goodband, and J.C. 
Woodworth. 2018. Effects of withdrawing high-fiber ingredients before 
marketing on finishing pig growth performance, carcass characteristics, and 
intestinal weights. J. Anim. Sci. 96: 168-180. doi:10.1093/jas/skx048 
Coddens, A., F. Verdonck, P. Tiels, K. Rasschaert, B.M. Goddeeris, and E. Cox. 2007. 
The age-dependent expression of the F18+ E. coli receptor on porcine gut 
epithelial cells is positively correlated with the presence of histo-blood group 
antigens. Vet. Microbiol. 122: 332-341. doi:10.1016/j.vetmic.2007.02.007 
Cowieson, A.J., and M.R. Bedford. 2009. The effect of phytase and carbohydrase on ileal 
amino acid digestibility in monogastric diets: complimentary mode of action? 
World Poult. Sci. J. 65: 609-624. doi:10.1017/S0043933909000427 
Cummings, J.H., E.W. Pomare, W.J. Branch, C.P. Naylor, and G.T. Macfarlane. 1987. 
Short chain fatty acids in human large intestine, portal, hepatic and venous blood. 
Gut. 28: 1221-1227. doi:10.1136/gut.28.10.1221 
David, L.A., C.F. Maurice, R.N. Carmody, D.B. Gootenberg, J.E. Button, B.E. Wolfe, 
A.V. Ling, A.S. Devlin, Y. Varma, M.A. Fischbach, S.B. Biddinger, R.J. Dutton, 
and P.J. Turnbaugh. 2014. Diet rapidly and reproducibly alters the human gut 
microbiome. Nature. 505: 559-563. doi:10.1038/nature12820 
DeVries, J.W., L. Prosky, B. Li, and S. Cho. 1999. A historical perspective on defining 
dietary fiber. Cereal Foods World. 44: 367-369.  
31 
 
 
Dilger, R.N., J.S. Sands, D. Ragland, and O. Adeola. 2004. Digestibility of nitrogen and 
amino acids in soybean meal with added soyhulls. J. Anim. Sci. 82: 715-724. 
doi:10.2527/2004.823715x 
Dikeman, C.L., and G.C. Fahey. 2006. Viscosity as related to dietary fiber: a review. Crit. 
Rev. Food Sci. Nutr. 46: 649-663. doi:10.1080/10408390500511862 
Dong, B., S. Liu, C. Wang, and Y. Cao. 2018. Effects of xylanase supplementation to 
wheat-based diets on growth performance, nutrient digestibility and gut microbes 
in weanling pigs. Asian-Australas. J. Anim. Sci. 31: 1491-1499. 
doi:10.5713/ajas.17.0867 
Dubreuil, J.D. 2017. Enterotoxigenic Escherichia coli and probiotics in swine: what the 
bleep do we know? Biosci. Microbiota Food Health. 36: 75-90. 
doi:10.12938/bmfh.16-030 
Edwards, C.H., M.M. Grundy, T. Grassby, D. Vasilopoulou, G.S. Frost, P.J. Butterworth, 
S.E. Berry, J. Sanderson, and P.R. Ellis. 2015. Manipulation of starch 
bioaccessibility in wheat endosperm to regulate starch digestion, postprandial 
glycemia, insulinemia, and gut hormone responses: a randomized controlled trial 
in healthy ileostomy participants. Am. J. Clin. Nutr. 102: 791-800. 
doi:10.3945/ajcn.114.106203 
Fairbrother, J. M. and Gyles C. L. 2012. Colibacillosis. In: J. J. Zimmerman, L. A. 
Karriker, A. Ramirez, K. J. Schwartz, G. W. Stevenson, editors, Disease of 
Swine. 10th ed. Wiley-Blackwell, Ames, IA. p. 723–47. 
Fairbrother, J.M., É. Nadeau, and C.L. Gyles. 2007. Escherichia coli in postweaning 
diarrhea in pigs: an update on bacterial types, pathogenesis, and prevention 
strategies. Anim. Health Res. Rev. 6: 17-39. doi:10.1079/ahr2005105 
Flint, H.J., S.H. Duncan, K.P. Scott, and P. Louis. 2007. Interactions and competition 
within the microbial community of the human colon: links between diet and 
health. Environ. Microbiol. 9: 1101-1111. doi:10.1111/j.1462-2920.2007.01281.x 
Flint, H.J., K.P. Scott, P. Louis, and S.H. Duncan. 2012. The role of the gut microbiota in 
nutrition and health. Nat. Rev. Gastroenterol. Hepatol. 9: 577-589. 
doi:10.1038/nrgastro.2012.156 
Frydendahl, K. 2002. Prevalence of serogroups and virulence genes in Escherichia coli 
associated with postweaning diarrhoea and edema disease in pigs and a 
comparison of diagnostic approaches. Vet. Microbiol 85: 169-182. 
doi:10.1016/S0378-1135(01)00504-1 
Frydendahl, K., T.K. Jensen, J.S. Andersen, M. Fredholm, and G. Evans. 2003. 
Association between the porcine Escherichia coli F18 receptor genotype and 
phenotype and susceptibility to colonisation and postweaning diarrhoea caused by 
E. coli O138: F18. Vet. Microbiol 93: 39-51. doi:10.1016/S0378-1135(02)00348-
6 
32 
 
 
Garcia, H., L.F. Wang, J.L. Landero, E. Beltranena, M. Cervantes, A. Morales, and R.T. 
Zijlstra. 2015. Effect of feeding wheat millrun on diet nutrient digestibility and 
growth performance in starter pigs. Anim. Feed Sci. Technol. 207: 283-288. 
doi:10.1016/j.anifeedsci.2015.06.018 
Gao, Y., F. Han, X. Huang, Y. Rong, H. Yi, and Y. Wang. 2013. Changes in gut 
microbial populations, intestinal morphology, expression of tight junction 
proteins, and cytokine production between two pig breeds after challenge with 
Escherichia coli K88: A comparative study. J. Anim. Sci. 91: 5614-5625. 
doi:10.2527/jas.2013-6528 
Gonzalez-Ortiz, G., J.F. Perez, R.G. Hermes, F. Molist, R. Jimenez-Diaz, and S.M. 
Martin-Orue. 2014. Screening the ability of natural feed ingredients to interfere 
with the adherence of enterotoxigenic Escherichia coli (ETEC) K88 to the porcine 
intestinal mucus. Br. J. Nutr. 111: 633-642. doi:10.1017/S0007114513003024 
Gresse, R., F. Chaucheyras-Durand, M.A. Fleury, T. Van de Wiele, E. Forano, and S. 
Blanquet-Diot. 2017. Gut microbiota dysbiosis in postweaning piglets: 
Understanding the keys to health. Trends Microbiol. 25: 851-873. 
doi:10.1016/j.tim.2017.05.004 
Grundy, M.M., P.J. Wilde, P.J. Butterworth, R. Gray, and P.R. Ellis. 2015. Impact of cell 
wall encapsulation of almonds on in vitro duodenal lipolysis. Food Chem. 185: 
405-412. doi:10.1016/j.foodchem.2015.04.013 
Gunness, P., and M.J. Gidley. 2010. Mechanisms underlying the cholesterol-lowering 
properties of soluble dietary fibre polysaccharides. Food Funct. 1: 149-155. 
doi:10.1039/c0fo00080a 
Gutierrez, N.A., B.J. Kerr, and J.F. Patience. 2013. Effect of insoluble-low fermentable 
fiber from corn-ethanol distillation origin on energy, fiber, and amino acid 
digestibility, hindgut degradability of fiber, and growth performance of pigs. J. 
Anim. Sci. 91: 5314-5325. doi:10.2527/jas.2013-6328 
Gutierrez, N.A., N.V. Serao, B.J. Kerr, R.T. Zijlstra, and J.F. Patience. 2014. 
Relationships among dietary fiber components and the digestibility of energy, 
dietary fiber, and amino acids and energy content of nine corn coproducts fed to 
growing pigs. J. Anim. Sci. 92: 4505-4517. doi:10.2527/jas.2013-7265 
Gutierrez, N.A., N.V.L. Serao, and J.F. Patience. 2016. Effects of distillers' dried grains 
with solubles and soybean oil on dietary lipid, fiber, and amino acid digestibility 
in corn-based diets fed to growing pigs. J. Anim. Sci. 94: 1508-1519. 
doi:10.2527/jas2015-9529 
Hall, M.B. 2003. Challenges with nonfiber carbohydrate methods. J. Anim. Sci. 81: 
3226-3232. doi:10.2527/2003.81123226x 
33 
 
 
Heo, J., F. Opapeju, J. Pluske, J. Kim, D. Hampson, and C. Nyachoti. 2013. 
Gastrointestinal health and function in weaned pigs: a review of feeding strategies 
to control post‐weaning diarrhoea without using in‐feed antimicrobial 
compounds. J. Anim. Physiol. Anim. Nutr. 97: 207-237. doi:10.1111/j.1439-
0396.2012.01284.x  
Hipsley, E.H. 1953. Dietary "fibre" and pregnancy toxaemia. Br. Med. J. 2: 420-422.  
Hopwood, D.E., D.W. Pethick, J.R. Pluske, and D.J. Hampson. 2004. Addition of pearl 
barley to a rice-based diet for newly weaned piglets increases the viscosity of the 
intestinal contents, reduces starch digestibility and exacerbates post-weaning 
colibacillosis. Br. J. Nutr. 92: 419-427.  
Huntley, N.F., and J.F. Patience. 2018. Xylose metabolism in the pig. PLoS. ONE. 13: 
e0205913. doi:10.1371/journal.pone.0205913 
Iyayi, E.A., and O. Adeola. 2015. Quantification of short-chain fatty acids and energy 
production from hindgut fermentation in cannulated pigs fed graded levels of 
wheat bran. J. Anim. Sci. 93: 4781-4787. doi:10.2527/jas.2015-9081 
Jaworski, N.W., H.N. Laerke, K.E.B. Knudsen, and H.H. Stein. 2015. Carbohydrate 
composition and in vitro digestibility of dry matter and nonstarch polysaccharides 
in corn, sorghum, and wheat and coproducts from these grains. J. Anim. Sci. 93: 
1103-1113. doi:10.2527/jas.2014-8147 
Jaworski, N.W., and H.H. Stein. 2017. Disappearance of nutrients and energy in the 
stomach and small intestine, cecum, and colon of pigs fed corn-soybean meal 
diets containing distillers dried grains with solubles, wheat middlings, or soybean 
hulls. J. Anim. Sci. 95: 727. doi:10.2527/jas2016.0752 
Jha, R., and J.D. Berrocoso. 2015. Review: Dietary fiber utilization and its effects on 
physiological functions and gut health of swine. Anim. 9: 1441-1452. 
doi:10.1017/S1751731115000919 
Jha, R., and J.F.D. Berrocoso. 2016. Dietary fiber and protein fermentation in the 
intestine of swine and their interactive effects on gut health and on the 
environment: A review. Anim. Feed Sci. Technol. 212: 18-26. 
doi:10.1016/j.anifeedsci.2015.12.002 
Jha, R., T.A. Woyengo, J. Li, M.R. Bedford, T. Vasanthan, and R.T. Zijlstra. 2015. 
Enzymes enhance degradation of the fiber-starch-protein matrix of distillers dried 
grains with solubles as revealed by a porcine in vitro fermentation model and 
microscopy. J. Anim. Sci. 93: 1039-1051. doi:10.2527/jas.2014-7910 
Jin, L., L.P. Reynolds, D.A. Redmer, J.S. Caton, and J.D. Crenshaw. 1994. Effects of 
dietary fiber on intestinal growth, cell proliferation, and morphology in growing 
pigs. J. Anim. Sci. 72: 2270-2278. doi:10.2527/1994.7292270x 
34 
 
 
Jo, J.K., S.L. Ingale, J.S. Kim, Y.W. Kim, K.H. Kim, J.D. Lohakare, J.H. Lee, and B.J. 
Chae. 2012. Effects of exogenous enzyme supplementation to corn- and soybean 
meal-based or complex diets on growth performance, nutrient digestibility, and 
blood metabolites in growing pigs. J. Anim. Sci. 90: 3041-3048. 
doi:10.2527/jas.2010-3430 
Kerr, B.J., N.K. Gabler, and G.C. Shurson. 2015. Formulating diets containing corn 
distillers dried grains with solubles on a net energy basis: Effects on pig 
performance and on energy and nutrient digestibility. Professional Anim. 
Scientist. 31: 497-503. doi:10.15232/pas.2015-01445 
Kerr, B.J., and G.C. Shurson. 2013. Strategies to improve fiber utilization in swine. J. 
Anim. Sci. Biotechnol. 4: 11-23. doi:10.1186/2049-1891-4-11 
Kerr, B.J., T.E. Weber, and G.C. Shurson. 2013. Evaluation of commercially available 
enzymes, probiotics, or yeast on apparent total-tract nutrient digestion and growth 
in nursery and finishing pigs fed diets containing corn dried distillers grains with 
solubles. Professional Anim. Scientist. 29: 508-517. doi:10.15232/S1080-
7446(15)30272-2 
Kiarie, E., L.F. Romero, and C.M. Nyachoti. 2013. The role of added feed enzymes in 
promoting gut health in swine and poultry. Nutr. Res. Rev. 26: 71-88. 
doi:10.1017/S0954422413000048 
Kiarie, E., L.F. Romero, and V. Ravindran. 2014. Growth performance, nutrient 
utilization, and digesta characteristics in broiler chickens fed corn or wheat diets 
without or with supplemental xylanase. Poult. Sci. 93: 1186-1196. 
doi:10.3382/ps.2013-03715 
Kiarie, E., B. Slominski, D. Krause, and C. Nyachoti. 2009a. Acute phase response of 
piglets fed diets containing non-starch polysaccharide hydrolysis products and 
egg yolk antibodies following an oral challenge with Escherichia coli (k88). Can. 
J. Anim. Sci. 89: 353-360. doi:10.4141/CJAS09008 
Kiarie, E., B. Slominski, D. Krause, and C. Nyachoti. 2009b. Gastrointestinal ecology 
response of piglets’ diets containing non-starch polysaccharide hydrolysis 
products and egg yolk antibodies following an oral challenge with Escherichia 
coli (k88). Can. J. Anim. Sci. 89: 341-352. doi:10.4141/CJAS09007 
Kiarie, E.G., B.A. Slominski, D.O. Krause, and C.M. Nyachoti. 2008. Nonstarch 
polysaccharide hydrolysis products of soybean and canola meal protect against 
enterotoxigenic Escherichia coli in piglets. J. Nutr. 138: 502-508. 
doi:10.1093/jn/138.3.502 
Kiarie, E.G., B.A. Slominski, and C.M. Nyachoti. 2010. Effect of products derived from 
hydrolysis of wheat and flaxseed non starch polysaccharides by carbohydrase 
enzymes on net absorption in enterotoxigenic Escherichia coli (K88) challenged 
piglet jejunal segments. Anim. Sci. J. 81: 63-71. doi:10.1111/j.1740-
0929.2009.00716.x  
35 
 
 
Kim, J.C., B.P. Mullan, D.J. Hampson, and J.R. Pluske. 2008. Addition of oat hulls to an 
extruded rice-based diet for weaner pigs ameliorates the incidence of diarrhoea 
and reduces indices of protein fermentation in the gastrointestinal tract. Br. J. 
Nutr. 99: 1217-1225. doi:10.1017/S0007114507868462 
Knudsen, K.E.B. 1997. Carbohydrate and lignin contents of plant materials used in 
animal feeding. Anim. Feed Sci. Technol. 67: 319-338. doi:10.1016/s0377-
8401(97)00009-6 
Kyriazakis, I., and G.C. Emmans. 1995. The voluntary feed intake of pigs given feeds 
based on wheat bran, dried citrus pulp and grass meal, in relation to 
measurements of feed bulk. Br. J. Nutr. 73: 191-207. doi:10.1079/bjn19950023 
Lærke, H.N., S. Arent, S. Dalsgaard, and K. Bach Knudsen. 2015. Effect of xylanases on 
ileal viscosity, intestinal fiber modification, and apparent ileal fiber and nutrient 
digestibility of rye and wheat in growing pigs. J. Anim. Sci. 93: 4323-4335. 
doi:10.2527/jas.2015-9096 
Latymer, E.A., A. Low, K. Fadden, I. Sambrook, S.C. Woodley, and H. Keal. 1990. 
Measurement of transit time of digesta through sections of gastrointestinal tract of 
pigs fed with diets containing various sources of dietary fibre (non-starch 
polysaccharides). Arch. Anim. Nutr. 40: 667-680. 
doi:10.1080/17450399009428415 
Li, P., D.F. Li, H.Y. Zhang, Z.C. Li, P.F. Zhao, Z.K. Zeng, X. Xu, and X.S. Piao. 2015. 
Determination and prediction of energy values in corn distillers dried grains with 
solubles sources with varying oil content for growing pigs. J. Anim. Sci. 93: 
3458-3470. doi:10.2527/jas.2014-8782 
Li, Q., N.K. Gabler, C.L. Loving, S.A. Gould, and J.F. Patience. 2018. A dietary 
carbohydrase blend improved intestinal barrier function and growth rate in 
weaned pigs fed higher fiber diets. J. Anim. Sci.: sky383. doi:10.1093/jas/sky383 
Li, Q., and J.F. Patience. 2016. Factors involved in the regulation of feed and energy 
intake of pigs. Anim. Feed Sci. Technol. doi:10.1016/j.anifeedsci.2016.01.001 
Li, Q., X. Piao, J. Liu, Z. Zeng, S. Zhang, and X. Lei. 2014. Determination and prediction 
of the energy content and amino acid digestibility of peanut meals fed to growing 
pigs. Arch. Anim. Nutr. 68: 196-210. doi:10.1080/1745039X.2014.910970 
Linneen, S.K., J.M. Derouchey, S.S. Dritz, R.D. Goodband, M.D. Tokach, and J.L. 
Nelssen. 2008. Effects of dried distillers grains with solubles on growing and 
finishing pig performance in a commercial environment. J. Anim. Sci. 86: 1579-
1587. doi:10.2527/jas.2007-0486 
36 
 
 
Liu, J.D., Q.Y. Li, Z.K. Zeng, P. Li, X. Xu, H.L. Wang, S. Zhang, and X.S. Piao. 2015. 
Determination and prediction of the amino acid digestibility of sunflower seed 
meals in growing pigs. Asian-Australas. J. Anim. Sci. 28: 86-94. 
doi:10.5713/ajas.14.0109 
Liu, Y., M. Song, T. Che, J. Almeida, J. Lee, D. Bravo, C. Maddox, and J. Pettigrew. 
2013. Dietary plant extracts alleviate diarrhea and alter immune responses of 
weaned pigs experimentally infected with a pathogenic Escherichia coli. J. Anim. 
Sci. 91: 5294-5306. doi:10.2527/jas.2012-6194 
Loos, M., M. Geens, S. Schauvliege, F. Gasthuys, J. van der Meulen, J.D. Dubreuil, B.M. 
Goddeeris, T. Niewold, and E. Cox. 2012. Role of heat-stable enterotoxins in the 
induction of early immune responses in piglets after infection with 
enterotoxigenic Escherichia coli. PLoS. ONE. 7: e41041. 
doi:10.1371/journal.pone.0041041 
Mateos, G.G., F. Martín, M.A. Latorre, B. Vicente, and R. Lázaro. 2007. Inclusion of oat 
hulls in diets for young pigs based on cooked maize or cooked rice. Anim. Sci. 
82. doi:10.1079/asc20053 
Mathai, J.K., J.K. Htoo, J.E. Thomson, K.J. Touchette, and H.H. Stein. 2016. Effects of 
dietary fiber on the ideal standardized ileal digestible threonine:lysine ratio for 
twenty-five to fifty kilogram growing gilts. J. Anim. Sci. 94: 4217-4230. 
doi:10.2527/jas.2016-0680 
McDougall, G.J., I.M. Morrison, D. Stewart, and J.R. Hillman. 1996. Plant cell walls as 
dietary fibre: Range, structure, processing and function. J. Sci. Food Agric. 70: 
133-150. doi:10.1002/(sici)1097-0010(199602)70:2<133::aid-jsfa495>3.0.co;2-4 
Meijerink, E., R. Fries, P. Vögeli, J. Masabanda, G. Wigger, C. Stricker, S. 
Neuenschwander, H.U. Bertschinger, and G. Stranzinger. 1997. Two α (1,2) 
fucosyltransferase genes on porcine Chromosome 6q11 are closely linked to the 
blood group inhibitor (S) and Escherichia coli F18 receptor (ECF18R) loci. 
Mamm. Genome. 8: 736-741. doi:10.1007/s003359900556 
Mendis, M., E. Leclerc, and S. Simsek. 2016. Arabinoxylans, gut microbiota and 
immunity. Carbohydr. Polym. 139: 159-166. doi:10.1016/j.carbpol.2015.11.068 
Metzler-Zebeli, B.U., M.G. Ganzle, R. Mosenthin, and R.T. Zijlstra. 2012. Oat beta-
glucan and dietary calcium and phosphorus differentially modify intestinal 
expression of proinflammatory cytokines and monocarboxylate transporter 1 and 
cecal morphology in weaned pigs. J. Nutr. 142: 668-674. 
doi:10.3945/jn.111.153007 
Moeser, A.J., C.S. Pohl, and M. Rajput. 2017. Weaning stress and gastrointestinal barrier 
development: Implications for lifelong gut health in pigs. Anim Nutr 3: 313-321. 
doi:10.1016/j.aninu.2017.06.003 
37 
 
 
Molist, F., A.G. de Segura, J. Pérez, S. Bhandari, D. Krause, and C. Nyachoti. 2010. 
Effect of wheat bran on the health and performance of weaned pigs challenged 
with Escherichia coli K88+. Livest. Sci. 133: 214-217. 
doi:10.1016/j.livsci.2010.06.067 
Molist, F., R.G. Hermes, A.G. de Segura, S.M. Martin-Orue, J. Gasa, E.G. Manzanilla, 
and J.F. Perez. 2011. Effect and interaction between wheat bran and zinc oxide on 
productive performance and intestinal health in post-weaning piglets. Br. J. Nutr. 
105: 1592-1600. doi:10.1017/S0007114510004575 
Molist, F., M. van Oostrum, J.F. Pérez, G.G. Mateos, C.M. Nyachoti, and P.J. van der 
Aar. 2014. Relevance of functional properties of dietary fibre in diets for 
weanling pigs. Anim. Feed Sci. Technol. 189: 1-10. 
doi:10.1016/j.anifeedsci.2013.12.013 
Montagne, L., F. Cavaney, D. Hampson, J. Lalles, and J. Pluske. 2004. Effect of diet 
composition on postweaning colibacillosis in piglets. J. Anim. Sci. 82: 2364-
2374. doi:10.2527/2004.8282364x 
Montagne, L., J.R. Pluske, and D.J. Hampson. 2003. A review of interactions between 
dietary fibre and the intestinal mucosa, and their consequences on digestive health 
in young non-ruminant animals. Anim. Feed Sci. Technol. 108: 95-117. 
doi:10.1016/s0377-8401(03)00163-9 
Moran, K., C.F. de Lange, P. Ferket, V. Fellner, P. Wilcock, and E. van Heugten. 2016. 
Enzyme supplementation to improve the nutritional value of fibrous feed 
ingredients in swine diets fed in dry or liquid form. J. Anim. Sci. 94: 1031-1040. 
doi:10.2527/jas.2015-9855 
Ndou, S., E. Kiarie, A. Agyekum, J. Heo, L. Romero, S. Arent, R. Lorentsen, and C. 
Nyachoti. 2015. Comparative efficacy of xylanases on growth performance and 
digestibility in growing pigs fed wheat and wheat bran-or corn and corn DDGS-
based diets supplemented with phytase. Anim. Feed Sci. Technol. 209: 230-239. 
doi:10.1016/j.anifeedsci.2015.08.011 
Nicholson, J.K., E. Holmes, J. Kinross, R. Burcelin, G. Gibson, W. Jia, and S. Pettersson. 
2012. Host-gut microbiota metabolic interactions. Science. 336: 1262-1267. 
doi:10.1126/science.1223813 
Niewold, T.A., M. Schroyen, M.M. Geens, R.S.B. Verhelst, and C.M. Courtin. 2012. 
Dietary inclusion of arabinoxylan oligosaccharides (AXOS) down regulates 
mucosal responses to a bacterial challenge in a piglet model. J. Funct. Foods. 4: 
626-635. doi:10.1016/j.jff.2012.04.002 
Noblet, J., and J.M. Perez. 1993. Prediction of digestibility of nutrients and energy values 
of pig diets from chemical analysis. J. Anim. Sci. 71: 3389-3398.  
38 
 
 
Nortey, T.N., J.F. Patience, J.S. Sands, N.L. Trottier, and R.T. Zijlstra. 2008. Effects of 
xylanase supplementation on the apparent digestibility and digestible content of 
energy, amino acids, phosphorus, and calcium in wheat and wheat by-products 
from dry milling fed to grower pigs. J. Anim. Sci. 86: 3450-3464. 
doi:10.2527/jas.2007-0472 
NRC. 2012. Nutrient requirements of swine. 11th rev. ed. Natl. Acad. Press, Washington, 
DC. 
Ohh, S.J. 2011. Meta analysis to draw the appropriate regimen of enzyme and probiotic 
supplementation to pigs and chicken diets. Asian-Australas. J. Anim. Sci. 24: 573-
586. doi:10.5713/ajas.2011.r.06 
Owusu-Asiedu, A., J.F. Patience, B. Laarveld, A.G. Van Kessel, P.H. Simmins, and R.T. 
Zijlstra. 2006. Effects of guar gum and cellulose on digesta passage rate, ileal 
microbial populations, energy and protein digestibility, and performance of 
grower pigs. J. Anim. Sci. 84: 843-852. doi:10.2527/2006.844843x 
Patience, J.F., M.R. Bedford, H.L. Classen, and J. Inborr. 1992. The effect of dietary 
enzyme supplementation of rye- and barley-based diets on digestion and 
subsequent performance in weanling pigs. Can. J. Anim. Sci. 72: 97-105. 
doi:10.4141/cjas92-011 
Pedersen, M.B., S. Dalsgaard, K.E.B. Knudsen, S. Yu, and H.N. Lærke. 2014. 
Compositional profile and variation of distillers dried grains with solubles from 
various origins with focus on non-starch polysaccharides. Anim. Feed Sci. 
Technol. 197: 130-141. doi:10.1016/j.anifeedsci.2014.07.011 
Pedersen, M.B., S. Yu, S. Arent, S. Dalsgaard, K.E. Bach Knudsen, and H.N. Laerke. 
2015. Xylanase increased the ileal digestibility of nonstarch polysaccharides and 
concentration of low molecular weight nondigestible carbohydrates in pigs fed 
high levels of wheat distillers dried grains with solubles. J. Anim. Sci. 93: 2885-
2893. doi:10.2527/jas.2014-8829 
Pluske, J.R., D.L. Turpin, and J.-C. Kim. 2018. Gastrointestinal tract (gut) health in the 
young pig. Anim. Nutr. 4: 187-196. doi:10.1016/j.aninu.2017.12.004 
Pollock, J., D.L. Gally, L. Glendinning, R. Tiwari, M.R. Hutchings, and J.G. Houdijk. 
2018. Analysis of temporal fecal microbiota dynamics in weaner pigs with and 
without exposure to enterotoxigenic Escherichia coli. J. Anim. Sci. 96: 3777-
3790. doi:10.1093/jas/sky260 
Rhouma, M., J.M. Fairbrother, F. Beaudry, and A. Letellier. 2017. Post weaning diarrhea 
in pigs: risk factors and non-colistin-based control strategies. Acta Vet. Scand. 59: 
31. doi:10.1186/s13028-017-0299-7 
39 
 
 
Rosenfelder, P., M. Eklund, and R. Mosenthin. 2013. Nutritive value of wheat and wheat 
by-products in pig nutrition: A review. Anim. Feed Sci. Technol. 185: 107-125. 
doi:10.1016/j.anifeedsci.2013.07.011 
Roubos-van den Hil, P.J., R. Litjens, A.-K. Oudshoorn, J.W. Resink, and C.H. Smits. 
2017. New perspectives to the enterotoxigenic E. coli F4 porcine infection model: 
susceptibility genotypes in relation to performance, diarrhoea and bacterial 
shedding. Vet. Microbiol. 202: 58-63. doi:10.1186/s13028-017-0299-7 
Russell, W.R., S.W. Gratz, S.H. Duncan, G. Holtrop, J. Ince, L. Scobbie, G. Duncan, 
A.M. Johnstone, G.E. Lobley, R.J. Wallace, G.G. Duthie, and H.J. Flint. 2011. 
High-protein, reduced-carbohydrate weight-loss diets promote metabolite profiles 
likely to be detrimental to colonic health. Am. J. Clin. Nutr. 93: 1062-1072. 
doi:10.3945/ajcn.110.002188 
Salyer, J.A., J.M. DeRouchey, M.D. Tokach, S.S. Dritz, R.D. Goodband, J.L. Nelssen, 
and D.B. Petry. 2012. Effects of dietary wheat middlings, distillers dried grains 
with solubles, and choice white grease on growth performance, carcass 
characteristics, and carcass fat quality of finishing pigs. J. Anim. Sci. 90: 2620-
2630. doi:10.2527/jas.2011-4472 
Samuelsen, A.B., A. Rieder, S. Grimmer, T.E. Michaelsen, and S.H. Knutsen. 2011. 
Immunomodulatory activity of dietary fiber: arabinoxylan and mixed-linked beta-
glucan isolated from barley show modest activities in vitro. Int. J. Mol. Sci. 12: 
570-587. doi:10.3390/ijms12010570 
Schiavon, S., F. Tagliapietra, L. Bailoni, and A. Bortolozzo. 2016. Effects of sugar beet 
pulp on growth and health status of weaned piglets. Italian J. Anim. Sci. 3: 337-
351. doi:10.4081/ijas.2004.337 
Schley, P.D., and C.J. Field. 2002. The immune-enhancing effects of dietary fibres and 
prebiotics. Br. J. Nutr. 87 Suppl 2: S221-230. doi:10.1079/BJNBJN/2002541 
Schulze, H., P. van Leeuwen, M.W. Verstegen, J. Huisman, W.B. Souffrant, and F. 
Ahrens. 1994. Effect of level of dietary neutral detergent fiber on ileal apparent 
digestibility and ileal nitrogen losses in pigs. J. Anim. Sci. 72: 2362-2368. 
doi:10.2527/1994.7292362x 
Serena, A., M.S. Hedemann, and K.E. Bach Knudsen. 2008. Influence of dietary fiber on 
luminal environment and morphology in the small and large intestine of sows. J. 
Anim. Sci. 86: 2217-2227. doi:10.2527/jas.2006-062 
Serena, A., and K.E.B. Knudsen. 2007. Chemical and physicochemical characterisation 
of co-products from the vegetable food and agro industries. Anim. Feed Sci. 
Technol. 139: 109-124. doi:10.1016/j.anifeedsci.2006.12.003 
Shi, C.X., Z.Y. Liu, M. Shi, P. Li, Z.K. Zeng, L. Liu, C.F. Huang, Z.P. Zhu, and D.F. Li. 
2015. Prediction of digestible and metabolizable energy content of rice bran fed to 
growing pigs. Asian-Australas. J. Anim. Sci. 28: 654-661. 
doi:10.5713/ajas.14.0507 
40 
 
 
Shoaf‐Sweeney, K.D., and R.W. Hutkins. 2009. Adherence, anti-adherence, and 
oligosaccharides preventing pathogens from sticking to the host. Adv. Food Nutr. 
Res. 55: 101-161. doi:10.1016/s1043-4526(08)00402-6 
Shrestha, D.R. 2012. Effects of supplemented NSP-degrading enzymes on nutrient 
digestibility of diets containing co-products fed to grower pigs, University of 
Alberta, Alberta. 
Smith, A.G., P. Reilly, T. Sweeney, K.M. Pierce, D.A. Gahan, J.J. Callan, and J.V. 
O'Doherty. 2010. The effect of cereal type and exogenous enzyme 
supplementation on intestinal microbiota and nutrient digestibility in finisher pigs. 
Livest. Sci. 133: 148-150. doi:10.1016/j.livsci.2010.06.049 
Stein, H.H., and G.C. Shurson. 2009. Board-invited review: the use and application of 
distillers dried grains with solubles in swine diets. J. Anim. Sci. 87: 1292-1303. 
doi:10.2527/jas.2008-1290 
Sugiharto, S., M.S. Hedemann, and C. Lauridsen. 2014. Plasma metabolomic profiles and 
immune responses of piglets after weaning and challenge with E. coli. J. Anim. 
Sci. Biotechnol. 5: 17. doi:10.1186/2049-1891-5-17 
Sun, Y., and S.W. Kim. 2017. Intestinal challenge with enterotoxigenic Escherichia coli 
in pigs, and nutritional intervention to prevent postweaning diarrhea. Anim. Nutr. 
doi:10.1016/j.aninu.2017.10.001 
Tran, T.H.T., N. Everaert, and J. Bindelle. 2018. Review on the effects of potential 
prebiotics on controlling intestinal enteropathogens Salmonella and Escherichia 
coli in pig production. J. Anim. Physiol. Anim. Nutr. 102: 17-32. 
doi:10.1111/jpn.12666  
Trumbo, P., S. Schlicker, A.A. Yates, and M. Poos. 2002. Dietary reference intakes for 
energy, carbohydrate, fiber, fat, fatty acids, cholesterol, protein and amino acids. 
J. AM Diet Assoc. 102: 1621-1630.  
Urriola, P.E., G.C. Shurson, and H.H. Stein. 2010. Digestibility of dietary fiber in 
distillers coproducts fed to growing pigs. J. Anim. Sci. 88: 2373-2381. 
doi:10.2527/jas.2009-2227 
Volman, J.J., J.D. Ramakers, and J. Plat. 2008. Dietary modulation of immune function 
by beta-glucans. Physiol. Behav. 94: 276-284. doi:10.1016/j.physbeh.2007.11.045 
Weber, E., K. Stalder, and J. Patience. 2015. Wean-to-finish feeder space availability 
effects on nursery and finishing pig performance and total tract digestibility in a 
commercial setting when feeding dried distillers grains with solubles. J. Anim. 
Sci. 93: 1905-1915. doi:10.2527/jas.2014-8136 
41 
 
 
Weber, T.E., C.J. Ziemer, and B.J. Kerr. 2008. Effects of adding fibrous feedstuffs to the 
diet of young pigs on growth performance, intestinal cytokines, and circulating 
acute-phase proteins. J. Anim. Sci. 86: 871-881. doi:10.2527/jas.2007-0330 
Wellock, I., P. Fortomaris, J. Houdijk, J. Wiseman, and I. Kyriazakis. 2008. The 
consequences of non-starch polysaccharide solubility and inclusion level on the 
health and performance of weaned pigs challenged with enterotoxigenic 
Escherichia coli. Br. J. Nutr. 99: 520-530. doi:10.1017/S0007114507819167 
Wilberts, B.L., P.H. Arruda, J.M. Kinyon, T.S. Frana, C. Wang, D.R. Magstadt, D.M. 
Madson, J.F. Patience, and E.R. Burrough. 2014. Investigation of the impact of 
increased dietary insoluble fiber through the feeding of distillers dried grains with 
solubles (DDGS) on the incidence and severity of Brachyspira-associated colitis 
in pigs. PloS One. 9: e114741. doi:10.1371/journal.pone.0114741 
Wilfart, A., L. Montagne, H. Simmins, J. Noblet, and J. Milgen. 2007. Digesta transit in 
different segments of the gastrointestinal tract of pigs as affected by insoluble 
fibre supplied by wheat bran. Br. J. Nutr. 98: 54-62. 
doi:10.1017/S0007114507682981 
Willamil, J., I. Badiola, E. Devillard, P.A. Geraert, and D. Torrallardona. 2012. Wheat-
barley-rye-or corn-fed growing pigs respond differently to dietary 
supplementation with a carbohydrase complex. J. Anim. Sci. 90: 824-832. doi: 
10.2527/jas.2010-3766 
Yan, C.L., H.S. Kim, J.S. Hong, J.H. Lee, Y.G. Han, Y.H. Jin, S.W. Son, S.H. Ha, and 
Y.Y. Kim. 2017. Effect of dietary sugar beet pulp supplementation on growth 
performance, nutrient digestibility, fecal microflora, blood profiles and diarrhea 
incidence in weaning pigs. J. Anim. Sci. Technol. 59: 18. doi:10.1186/s40781-
017-0142-8 
Yang, G.Y., Y.H. Zhu, W. Zhang, D. Zhou, C.C. Zhai, and J.F. Wang. 2016. Influence of 
orally fed a select mixture of Bacillus probiotics on intestinal T-cell migration in 
weaned MUC4 resistant pigs following Escherichia coli challenge. Vet. Res 47: 
71. doi:10.1128/AEM.02747-16 
Yang, Z., P.E. Urriola, A.M. Hilbrands, L.J. Johnston, and G.C. Shurson. 2018. Growth 
performance of nursery pigs fed diets containing increasing levels of a novel high-
protein corn distillers dried grains with solubles. Translational Anim. Sci. 
doi:10.1093/tas/txy101 
Yin, Y.L., S.K. Baidoo, H. Schulze, and P.H. Simmins. 2001. Effects of supplementing 
diets containing hulless barley varieties having different levels of non-starch 
polysaccharides with β-glucanase and xylanase on the physiological status of the 
gastrointestinal tract and nutrient digestibility of weaned pigs. Livest. Prod. Sci. 
71: 97-107. doi:10.1016/s0301-6226(01)00214-7 
42 
 
 
Yoon, S., Y. Yang, P. Shinde, J. Choi, J. Kim, Y. Kim, K. Yun, J. Jo, J. Lee, and S. Ohh. 
2010. Effects of mannanase and distillers dried grain with solubles on growth 
performance, nutrient digestibility, and carcass characteristics of grower-finisher 
pigs. J. Anim. Sci. 88: 181-191. doi: 10.2527/jas.2008-1741 
Zeng, Z.K., Q.Y. Li, Q.Y. Tian, Y.T. Xu, and X.S. Piao. 2018a. The combination of 
carbohydrases and phytase to improve nutritional value and non-starch 
polysaccharides degradation for growing pigs fed diets with or without wheat 
bran. Anim. Feed Sci. Technol. 235: 138-146. 
doi:10.1016/j.anifeedsci.2017.11.009 
Zeng, Z.K., M. Trudeau, Q. Y. Li, D. Wang, J. C. Jang, G. C. Shurson, and P. E. Urriola. 
2018b. Effects of exogenous proteinases and carbohydrases on growth 
performance in pigs fed diets with corn distillers dried grains with solubles: A 
meta-analysis. J. Anim. Sci. 97 (Abstr).  
Zeng, Z.K., G.C. Shurson, and P.E. Urriola. 2018c. Prediction of the concentration of 
standardized ileal digestible amino acids and safety margins among sources of 
distillers dried grains with solubles for growing pigs: A meta-analysis approach. 
Anim. Feed Sci. Technol. 231: 150-159. doi:10.1016/j.anifeedsci.2017.07.010 
Zhang, W., M. Zhao, L. Ruesch, A. Omot, and D. Francis. 2007. Prevalence of virulence 
genes in Escherichia coli strains recently isolated from young pigs with diarrhea 
in the US. Vet. Microbiol. 123: 145-152. doi:10.1016/j.vetmic.2007.02.018 
Zhang, Y.J., Q. Liu, W.M. Zhang, Z.J. Zhang, W.L. Wang, and S. Zhuang. 2018a. 
Gastrointestinal microbial diversity and short-chain fatty acid production in pigs 
fed different fibrous diets with or without cell wall-degrading enzyme 
supplementation. Livest. Sci. 207: 105-116. doi:10.1016/j.livsci.2017.11.017 
Zhang, Z., R.R. Marquardt, and W. Guenter. 2000. Evaluating the efficacy of enzyme 
preparations and predicting the performance of leghorn chicks fed rye-based diets 
with a dietary viscosity assay. Poult. Sci. 79: 1158-1167. 
doi:10.1093/ps/79.8.1158 
Zhang, Z., H.M. Tun, R. Li, B.J. Gonzalez, H.C. Keenes, C.M. Nyachoti, E. Kiarie, and 
E. Khafipour. 2018b. Impact of xylanases on gut microbiota of growing pigs fed 
corn-or wheat-based diets. Anim. Nutr. doi:10.1016/j.aninu.2018.06.007 
Zoetendal, E.G., C.T. Collier, S. Koike, R.I. Mackie, and H.R. Gaskins. 2004. Molecular 
ecological analysis of the gastrointestinal microbiota: a review. J. Nutr. 134: 465-
472. doi:10.1093/jn/134.2.465 
43 
 
 
  Plant carbohydrates   
       
 Cell contents   Cell wall  
       
Organic 
acids 
Mono+oligo- 
saccharides 
starches Fructans 
Pectic 
substances 
Hemicellulose Cellulose 
    Galactans   
    β-glucan     ADF 
       
   NDSF NDF 
   Non-starch polysaccharides 
       
NFC   
       
Figure 1.1. Nutritional and analytical classifications used to characterize plant 
carbohydrates (Hall, 2003). ADF = acid detergent fiber, β-glucans = (1 → 3) (1 → 4)-β-
D-glucans, NDF = neutral detergent fiber, NDSF = neutral detergent-soluble fiber 
(includes all nonstarch polysaccharides not present in NDF), NFC = non-NDF 
carbohydrates. 
 
  
 
Table 1.1. Carbohydrate composition of common grain sources and fibrous ingredients used in young pig diets (DM basis, g/kg) 
Item1 Corn2 Sorghum2 Rye2 Wheat2 
Wheat 
bran2 
Wheat 
middlings2 
Hulled 
Barley3 
Hulless 
Barley3 
Hulled 
Oat3 
Hulless 
Oat3 
Corn 
DDGS4 
Sugar beet 
pulp5 
Starch 620 690 613 618 169 168 587 645 468 557 60 - 
Cellulose 17 15 15 13 64 67 39 10 82 14 67 203 
NDF6 118 137 118 101 359 389 203 140 281 123 351 499 
ADF6 54 51 40 32 122 67 64 24 152 41 101 261 
NCP             
Soluble 25 4 42 19 38 12 56 50 40 54 30 290 
Insoluble 38 47 94 62 243 227 88 64 110 49 185 207 
Arabinose 17 17 36 23 77 72 28 20 18 13 62 201 
Xylose 21 13 61 36 144 116 56 28 80 23 77 14 
Mannose 2 1 5 2 5 3 4 4 3 3 17 11 
Galactose 8 3 5 3 8 7 3 3 7 4 15 55 
Glucose 6 10 26 11 34 25 47 58 33 56 28 14 
Uronic acids 8 4 4 4 15 15 6 2 10 5 16 188 
Total NSP 81 66 152 95 345 307 186 124 232 116 283 700 
Lignin 8 16 21 18 69 73 35 9 66 32 25 37 
Dietary fiber 89 83 174 112 414 381 221 133 298 148 308 737 
1NDF = neutral detergent fiber; ADF = acid detergent fiber; NCP = non-cellulosic polysaccharides; NSP = non-starch 
polysaccharides; total NSP = cellulose + NCP; dietary fiber = total NSP + lignin. 
2According to Jaworski et al. (2015) 
3According to Knudsen (1997) 
4DDGS = distillers dried grains with solubles; according to Pedersen et al. (2014) 
5According to Serena and Knudsen (2007) 
6According to NRC (2012) 
4
4
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Table 1.2. Common dietary carbohydrase 
Enzyme Enzyme Commission Substrate Targeted ingredients 
Xylanase EC 3.2.1.8 Arabinoxylan Corn, wheat, rye 
β-glucanase EC 3.2.1.6 β-glucan Barley, oat 
Mannanase EC 3.2.1.78 Mannan Soybean, palm, copra 
Pectinase EC 3.2.1.15 Pectin Beans, sugar beet pulp 
α-galactosidase EC 3.2.1.22 Galactan Beans 
Cellulase EC 3.2.1.4 Cellulose Forages, brans 
Amylase EC 3.2.1.1 Starch Grains 
Combined from Ohh (2011) and Adeola and Cowieson (2011) 
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CHAPTER II 
A DIETARY CARBOHYDRASE BLEND IMPROVED INTESTINAL BARRIER 
FUNCTION AND GROWTH RATE IN WEANED PIGS FED HIGHER FIBER 
DIETS 
 
Modified from a paper published in 2018 by the Journal of Animal Science (In Press) doi: 
10.1093/jas/sky383 
 
Qingyun Li*, Nicholas K. Gabler*, Crystal L. Loving†, Stacie A. Gould*, and John F. 
Patience* 
 
*Department of Animal Science, Iowa State University, Ames, IA 50011 
†USDA-ARS-National Animal Disease Center, Ames, IA 50010 
 
Abstract 
The objective of this study was to evaluate the effects of dietary xylanase (X) and 
a carbohydrase enzyme blend (EB: cellulase, ß-glucanase, and xylanase) on nutrient 
digestibility, intestinal barrier integrity, inflammatory status, and growth performance in 
weaned piglets fed higher fiber diets. A total of 460 pigs (6.43 ± 0.06 kg BW; F25 × 6.0 
Genetiporc) were blocked by initial BW and pens (n = 12 per treatment) were randomly 
assigned to 1 of 4 dietary treatments. The diets included a higher fiber unsupplemented 
control diet (CON) and the CON supplemented with 0.01% X, 0.01% EB, or both 
enzymes, arranged in a 2 × 2 factorial. The diets were based on corn, soybean meal, corn 
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distillers dried grains with solubles (DDGS), and wheat middlings. Pigs had 7 d to adapt 
to the environment and consumed the same commercial diet. Pigs were fed the 
experimental diets for 28 d with free access to feed and water. Body weight and feed 
disappearance were recorded weekly. One pig with BW closest to the pen average from 
each pen was selected and moved to metabolism crates on d 16 and intragastric gavaged a 
solution of lactulose and mannitol on d 22 followed by 12-h urine collection. Feces were 
collected from d 23 - 25. Intestinal tissues and mucosal scrapings were collected on d 28. 
Data were analyzed using PROC MIXED of SAS (9.4). Xylanase, EB, and their 
interaction were fixed effects and block was a random effect. The EB, but not X, 
increased pig BW and improved ADG over 28 d (P < 0.05). Neither carbohydrase 
impacted ADFI, G:F, or apparent total tract digestibility (ATTD) of DM, GE, or CP. The 
EB improved ATTD of ADF (32.45 vs. 26.57%; P < 0.01), but had no effect on NDF. 
Unexpectedly, X reduced ATTD of NDF and ADF (P < 0.01). The EB reduced urinary 
lactulose:mannitol and increased ileal claudin-3 (CLDN) mRNA abundance (P < 0.05), 
indicating improved small intestinal barrier integrity. There was a X × EB interaction on 
ileal secretory immunoglobulin A (SIgA) concentration (P < 0.05); in the absence of X, 
EB decreased SIgA compared to CON, but this effect disappeared in the presence of X. 
The EB also reduced ileal IL-22 mRNA abundance (P < 0.05), probably indicating 
decreased immune activation. In conclusion, EB but not X enhanced growth rate of 
weaned pigs fed higher fiber diets, which may be partly explained by the improved small 
intestinal barrier integrity and reduced immune activation, rather than improvement in 
nutrient digestibility.  
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Introduction 
There is a growing interest in including more fibrous co-products in swine diets 
due to their lower cost relative to corn and soybean meal as well as potential benefits in 
enhancing intestinal functions (e.g. improved intestinal morphology, barrier integrity, 
bacterial population, and microbial metabolites; Chen et al., 2015), thus reducing feed 
cost and improving animal production. Most co-products in the U.S., such as distillers 
dried grains with solubles (DDGS) and wheat middlings, originate from corn and wheat 
processing and contain high levels of insoluble fiber (Gutierrez et al., 2014). A high 
inclusion rate of these co-products may decrease nutrient digestibility (Acosta et al., 
2017), induce intestinal inflammation (Weber et al., 2008), and depress subsequent 
growth performance in nursery pigs (Tsai et al., 2017).  
Exogenous carbohydrases can be used in nursery diets to mitigate the negative 
effects caused by high levels of fibrous co-products and thus improve growth 
performance (Tsai et al., 2017). Studies have shown that dietary carbohydrase 
supplementation increased digestibility of nutrients and gross energy in pigs (Patience, 
2017; Zeng et al., 2018). Previous research suggested that carbohydrases can degrade 
dietary fiber (nonstarch polysaccharides) and increase the release of low molecular 
weight oligosaccharides in pigs (Pedersen et al., 2015), which then can enhance gut 
barrier function and regulate inflammatory responses (Chen et al., 2012). Jiang et al. 
(2015) also showed that a combination of essential oil and carbohydrases down-regulated 
the gene abundance of the ileal proinflammatory cytokine IL-1α in weaned piglets. 
However, limited research has investigated the impact of dietary carbohydrases on 
intestinal barrier integrity and inflammation in weaning pigs fed higher fiber diets. 
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Intestinal barrier integrity regulates permeability to luminal antigens and pathogens, 
which in turn modulates the immune status of animals (Hu et al., 2013). This modulation 
is assumed to regulate the partitioning of energy and nutrients between supporting animal 
growth and maintaining immune system function (Lochmiller and Deerenberg, 2000; 
Huntley et al., 2018). 
Therefore, the objective of this study was to test our hypothesis that the addition 
of xylanase (X) and/or a carbohydrase enzyme blend (EB; cellulase, β-glucanase, and 
xylanase) would improve intestinal barrier integrity, down-regulate markers of 
inflammation, improve nutrient digestibility, and thereby enhance growth performance of 
weaned pigs fed higher fiber diets. A better understanding of how xylanase and a 
carbohydrase enzyme blend modulate gut barrier function and immune status will allow 
more appropriate and efficient use of these enzymes to improve feed utilization and 
production of nursery pigs. 
Materials and methods 
All procedures for this experiment adhered to guidelines for the ethical and 
humane care of animals used for research and were approved by the Institutional Animal 
Care and Use Committee at Iowa State University (IACUC #9-15-8097-S). 
Animals and experimental design 
A total of 460 newly weaned pigs (6.43 ± 0.06 kg BW; F25 × 6.0 Genetiporc; PIC 
Inc., Hendersonville, TN) were blocked by initial body weight and pens were randomly 
assigned to 1 of 4 dietary treatments. All pigs were vaccinated for porcine reproductive 
and respiratory syndrome and hemolytic Escherichia coli upon arrival at the Swine 
Nutrition Farm at Iowa State University. There were 12 blocks and 48 pens, with 12 pens 
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per treatment and 9 or 10 pigs/pen. Each pen (1.2 × 2.4 m2) was equipped with a 4-space 
stainless steel dry feeder, 2 nipple drinkers, and a fully slatted floor. Sexes were not 
separated but there were equal number of barrows and gilts per treatment within each 
block.  
Diets and feeding 
The 4 diets included an unsupplemented control diet (CON) and CON 
supplemented with either 0.01% of X, 0.01% of EB, or both carbohydrases (0.01% X + 
0.01% EB) to determine if there would be any additive effects of X and EB. One gram of 
X was expected to contain 15,000 EPU of xylanase. One gram of EB was expected to 
contain 7,000 CU of cellulase, 5,000 U of β-glucanase, and 1,000 EPU of xylanase. The 
enzyme inclusion rate was based on manufacturer’s recommendation and both enzymes 
were provided by Huvepharma Inc. (Peachtree City, GA). For the purposes of this 
experiment, the Phase 1 and Phase 2 basal diets were formulated to contain slightly 
elevated levels of fibrous ingredients compared to typical commercial diets; Phase 1, fed 
from d 0 to 14 of the experiment, contained 5% of each of reduced-oil corn DDGS and 
wheat middlings and Phase 2, fed from d 15 to 28 of the experiment, contained 10% of 
the same fibrous ingredients. After arrival at the farm and before the initiation of the 
experiment, pigs had a 7-d acclimation period to adjust to the environment during which 
they were fed a common commercial starter diet. Dietary treatments were arranged as a 2 
× 2 factorial, with 2 inclusion levels of X (0 or 0.01%) or EB (0 or 0.01%). Diets were 
formulated to meet or exceed NRC (2012) nutrient requirements (Tables 2.1 and 2.2).  
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Sample collection 
Pigs were individually weighed on d -7, 0, 7, 14, 21, and 28 of the experiment, 
with d -7 indicating the day of arrival at Swine Nutrition Farm. Feed disappearance was 
recorded starting on d 0 to allow calculation of ADFI and G:F.  
On d 16, one barrow close to the average BW within each pen was moved and 
transferred to an individual metabolism crate (0.5 × 0.7 m2) in order to collect urine and 
feces. Pigs had 5 d to adapt to the crates and were fed the same phase 2 diet with the 
addition of 0.40% TiO2 as an indigestible marker. Titanium dioxide was mixed with 
99.60% of each of the phase 2 diets in a 200-kg feed mixer. On d 22, after an overnight 
fast, pigs were orally administrated a solution of lactulose (500 mg/kg BW) and mannitol 
(50 mg/kg BW) using a gastric tube followed by 12-h total urine collection for the 
assessment of in vivo small intestinal permeability. One mL of 20 g chlorhexidine/L was 
added to the urine bottles as a preservative. Thereafter, pigs were fed their respective 
diets and fecal samples were collected via grab sampling from d 23 - 25 and stored at -
20°C until analysis.   
On d 28, one pig from each pen was euthanized by captive bolt followed by 
exsanguination. Ileal tissues were collected 15 cm proximal to the ileal-cecal junction. 
Tissues were rinsed with ice-cold phosphate-buffered saline (PBS) to remove luminal 
contents, snap-frozen in liquid nitrogen, and kept at -80°C for later RNA extraction. 
Mucosal scrapings from the ileum were collected, snap-frozen in liquid N, and stored at -
80°C until later analysis of secretory immunoglobulin A (SIgA).  
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Analytical methods 
Feces were thawed and homogenized, and then dried at 55°C to a constant weight. 
Diets and feces were ground to 1 mm and analyzed in duplicate for DM (method 930.15; 
AOAC, 2007), acid-hydrolyzed ether extract (aEE; method 2003.06; AOAC, 2007), and 
nitrogen (N; method 990.03; AOAC, 2007; TruMac; LECO Corp., St. Joseph, MI) with 
EDTA (9.56% N; Leco Corporation) used as a standard for calibration and was 
determined to contain 9.56 ± 0.02% of N. Neutral and acid detergent fiber (NDF and 
ADF) were analyzed in triplicate (Van Soest and Robertson, 1979). Crude protein was 
calculated as N × 6.25. Gross energy was determined in duplicate using an isoperibolic 
bomb calorimeter (Parr 6200; Parr Instrument Co., Moline, IL). Benzoic acid (6,318 kcal 
GE/kg) was used as the standard for calibration and was determined to contain 6,315 ± 3 
kcal GE/kg. Titanium dioxide was determined using a spectrophotometer (Synergy 4; 
BioTek, Winooski, VT) according to the method of Leone (1973). 
Concentrations of lactulose and mannitol in urine samples were determined by 
HPLC following the procedure previously described by Kansagra et al. (2003). The 
lactulose:mannitol ratio was calculated based on a percent recovery basis and was 
considered as an index of small intestinal permeability (Wijtten et al., 2011).  
Lactulose is a disacchride comprised of galactose and fructose that can be 
degraded by β-galactosidase, which could be present as a contaminant during commercial 
enzyme preparation. Thus, it was possible that the EB used in this study may have 
contained galactosidase, so an in vitro assay was performed to test if the EB could 
degrade lactulose. Approximately 0.1 gram of lactulose standard (≥ 98.0%; Sigma-
Aldrich,  St. Louis, MO) was dissoved in 2-mL PBS (pH = 5) either without or with the 
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EB (0.02 gram) followed by incubation at 39°C for 5 h at 150 rpm to mimic the intestinal 
digestion condition. Lactulose concentration was then determined using a commercially 
available Lactulose Assay kit (Sigma-Aldrich,  St. Louis, MO) according to 
manufacturer’s instructions. 
Mucosal scrapings (approximately 500 mg) were suspended in 5 mL PBS, 
homogenized using a homogenizer (PowerGen 700D; Thermo Fisher Scientific, Hanover 
Park, IL), and centrifuged at 10,000 g for 15 min at 4°C. The supernatant was then 
collected for SIgA and total protein content quantification using a porcine-specific IgA 
ELISA kit (Bethyl Laboratories, Inc., Montgomery, TX) and a Pierce bicinchoninic acid 
(BCA) Protein Assay kit (Thermo Fisher Scientific, Woltham, MA), respectively. 
Mucosal SIgA concentration was expressed as milligrams per gram of protein. 
RNA isolation and quantitative PCR 
Ileal tissues (50-100 mg) were homogenized in 1 mL of Trizol (Invitrogen, 
Carlsbad, CA) using the Qiagen Tissuelyser II (Germantown, MD, USA). Total RNA 
was then isolated according to the manufacturer's recommendations. The concentration of 
RNA was quantified using a spectrophotometer (ND-100; NanoDrop Technologies, Inc., 
Rockland, DE). All samples had 260:280 nm ratios above 1.8. One μg of isolated RNA 
was used for cDNA synthesis using the QuantiTect Reverse Transcription Kit (Qiagen 
GmbH, Hilden, Germany) according to the manufacturer's instructions. All cDNA 
samples were diluted 10-fold with nuclease-free water.  
Real-time quantitative PCR was performed in 20 µL reactions using iQ SYBR 
Green Supermix (Bio-Rad Laboratories, Inc., Hercules, CA). The gene-specific primers, 
shown in Table 2.3, were diluted to 10 µM with nuclease-free water. Those genes were 
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chosen to evaluate pigs’ intestinal inflammatory status and paracellular permeability. 
Each reaction included 10 µL of SYBR Green Supermix, 1 µL of each forward and 
reverse primer, 2 µL of cDNA and 6 µL of nuclease-free water. Each assay plate 
contained a no-reverse transcriptase negative control and a pooled cDNA reference 
sample. Each sample was assayed in triplicate. Fluorescence of SYBR Green was 
quantified with a Real Time PCR Detection System (iQ5; Bio-Rad Laboratories Inc.). 
The cycling conditions included 5-min initial denaturation at 95°C followed by 40 PCR 
cycles (95°C for 30 s, 55°C for 30 s, and 72°C for 30 s) and a dissociation curve to verify 
the amplification of a single PCR product. Optical detection was performed at 55°C. 
Analyses of amplification plots were performed with an Optical System Software version 
2.0 (iQ5; Bio-Rad Laboratories Inc.) and cycle threshold (Ct) values for each reaction 
was obtained. Ribosomal protein - L19 (RPL19) was included as an endogenous 
reference gene. The mRNA abundance for each sample was normalized to RPL19 and the 
pooled sample, and fold change was calculated using the 2-ΔΔCTmethod (Livak and 
Schmittgen, 2001).  
Statistical analysis 
Data were analyzed using mixed model methods (PROC MIXED, SAS 9.4, SAS 
Institute Inc., Cary, NC). Data were analyzed as a 2 × 2 factorial in a randomized 
complete block design using). The UNIVARIATE procedure was used to evaluate 
normality and equal variance of residuals, and to identify statistical outliers (defined as 
values greater than 3 standard deviations away from the mean). Xylanase (0 or 0.01%), 
EB (0 or 0.01%), and their interaction were fixed effects. Initial BW was used as a linear 
covariate. Block was considered a random effect. Pen was the experimental unit for 
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performance data and individual pig was the experimental unit for other parameters. 
Performance data were analyzed as repeated measurements with week as the repeated 
effect and a variance structure of auto-regressive 1 (AR1) was applied. Means of the 
main effect within each week were separated using the least square means statement and 
the slice = week option. The interactions between X and EB within each week were 
calculated using the lsmestimate statement. Differences were considered significant if P ≤ 
0.05 and a tendency if 0.05 < P ≤ 0.10. 
Results 
There were no X × EB interactions on any performance parameters (Tables 2.4 
and 2.5); therefore, all results are presented as main effects. No X × EB × week 
interactions were observed. Xylanase had no impact on BW or ADG. Xylanase increased 
ADFI during d 22-28 and improved G:F during d 0-7 (P < 0.05). The addition of EB 
tended (P = 0.063) to improve BW on d 7 and improved (P < 0.05) BW on d 14 and d 28 
compared to diets without EB. Consequently, pigs consumed diets with EB tended (P = 
0.066) to have greater ADG during d 8-14 and had greater (P < 0.05) ADG during d 14-
21. Over the 28-d experimental period, EB increased ADG (P < 0.05). Neither 
carbohydrase had an impact on ADFI or G:F across 4 wks.  
No X × EB interactive effects were observed for apparent total tract digestibility 
(ATTD) of nutrients or energy (Table 2.6); therefore all results are presented as main 
effects. Neither enzyme impacted ATTD of DM, GE, or CP. There was a trend for 
decreased aEE digestibility in X-supplemented diets (P = 0.073). Supplementation of EB 
increased the ATTD of ADF by 22% (P < 0.05), but did not impact NDF or 
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hemicellulose. Unexpectedly, X addition decreased the ATTD of NDF, ADF, and 
hemicellulose (P < 0.05).  
The lactulose concentration in lactulose standard samples without or with EB was 
not different (312.8 vs. 320.2 pmol/uL, respectively). The addition of EB decreased 
urinary lactulose:mannitol on a percent recovery basis (P < 0.01; Fig. 2.1). No effects of 
X or an interaction of X × EB were observed for lactulose:mannitol. There was an 
interaction of X × EB on ileal SIgA concentration (P < 0.05; Fig. 2.2); in the absence of 
X, EB decreased SIgA compared to the control, but this effect disappeared in the 
presence of X. 
There were no effects of X × EB interaction or X addition on ileal transcript 
abundance of cytokine and tight junction protein genes (Table 2.7).  Similarly, EB did not 
alter the mRNA abundance of IL-1ß (IL1B), IL-6, IL-10, IL-17, or occludin (OCLN). 
However, EB increased mRNA abundance of claudin-3 (CLDN3) and decreased mRNA 
abundance of IL-22 compared with no EB treatment (P < 0.05). Pigs fed EB-
supplemented diets tended to have greater mRNA abundance of zonula occluden-1 (ZO-
1) than that fed diets without EB (P = 0.067). 
Discussion 
Due to the growing interest by the swine industry in feeding fibrous co-products, 
the use of exogenous carbohydrases has received increasing interest. The objective of 
most of these studies has been to improve the nutritional value of higher fiber diets for 
pork production (Nortey et al, 2007; Passos et al., 2015). Because older pigs generally 
have greater digestive capacity to utilize dietary fiber than young piglets, most research 
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has focused on evaluating the effects of carbohydrases in growing or finishing pigs fed 
diets high in co-products (Jacela et al., 2010; Kiarie et al., 2012; Ndou et al., 2015).  
This experiment evaluted the impact of dietary xylanase and/or a carbohydrase 
enzyme blend in weaned pigs fed higher fiber diets; however the fiber levels were not 
extreme. All diets contained 500 phytase units (FTU) per kg diet and 0.15% standardized 
total tract digestible (STTD) P was assumed to be released by the phytase according to 
the manufacture’s recommendation. The results showed that neither X nor EB impacted 
ADFI and G:F over 28-d period, which was in agreement with Olukosi et al. (2007), Jang 
et al. (2017), and Tsai et al. (2017). The addition of EB had no impact ADG during d 0-7 
and a tendency to improve ADG during d 8-14, and significantly increased ADG during d 
15-21 and over the 28-d trial, indicating EB supplemented diets need to be fed for at least 
3 weeks to show positive effects on growth rate in nusery pigs. But X had no impact on 
any BW or ADG. It appears that a combination of multiple enzymes (e.g. EB containing 
cellulase, β-glucanase, and xylanase) is more effective than individual enzymes (e.g. X) 
to improve growth performance of nursery pigs. This is supported by Tsai et al. (2017), 
who reported that adding both xylanase and β-glucanase into nursery diets with 30% corn 
DDGS improved ADG from d 7-35, but not when the enzyme was individually added.  
However, it is worth noting that improved growth rate by adding exogenous 
carbohydrases in pigs has been inconsistent. For example, Jones et al. (2010) did not 
detect beneficial effects of an enzyme blend on growth performance in nursery pigs fed 
diets containing 30% DDGS. Interestingly, Bloxham et al., (2018) recently reported that a 
combination of xylanase and β-glucanase resulted in poorer growth performance in 
nursery pigs, despite improvements in nutrient digestibility. Multiple factors could result 
58 
 
 
in the inconsistent impact on growth performance, such as health status and age of pigs, 
sources and inclusion levels of fibrous ingredients, efficacy of supplemented enzymes, 
feed processing, and the housing environment.  
In this experiment, neither X nor EB improved the ATTD of DM, GE, CP, or aEE, 
indicating the improved growth rate from adding EB was not likely due to improvement 
in nutrient digestibility. However, because the apparent ileal digestibility (AID) of 
nutrients was not measured, it is unknown whether the lack of difference in ATTD of 
nutrients was a result of limited carbohydrase efficacy in breaking down the cell wall 
components or increased bacterial fermentation of undigested nutrients in the large 
intestine of pigs fed a diet without supplemented carbohydrase. Zeng et al. (2018) 
recently reported that addition of an enzyme blend (galactanase, xylanase, mannanase, α-
amylase, and cellulase) improved AID, but not ATTD, of energy, NDF, and NSP 
constituents in wheat bran containing diets. This indicates that enzyme supplementation 
may shift fiber degradation from the hindgut to the small intestine, which is supported by 
Ndou et al. (2015) and Moran et al. (2016). Energy absorbed in the small intestine will be 
used by the pig with greater efficiency than if it is released by fermentation in the lower 
gut (Patience, 2017). Another possibility could be that pigs adapt to fiberous diets with 
time and increase their capacity to digest or ferment fiber (Tsai et al., 2017; Bloxham et 
al., 2018). Unexpectedly, xylanase addition reduced the ATTD of NDF and ADF, which 
contradicted the unchanged or improved fiber or NSP digestibility reported in most other 
studies. A decrease in AID of fiber in pigs fed xylanase supplemented diets was also 
reported by Weiland (2017). The reason for this observation is unclear, but may likely be 
attributed to the contamination of endogenous materials in the feces, such as mucin and 
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bacteria, in the fiber analysis process, leading to underestimated fiber digestibility 
(Montoya et al., 2016).  
Because EB had no impact on the ATTD of nutrients except for ADF, it is 
possible that it improved BW gain through other mechanisms such as improving 
intestinal barrier function. The intestinal barrier is composed primarily of epithelial cells 
and a mucous layer covering the epithelium (France and Turner, 2017). Tight junctions 
“seal” the paracellular space between neighboring epithelial cells; thus, they are a major 
regulator of paracellular permeability (Günzel and Yu, 2013). Impaired barrier integrity 
could result in increased permeability to luminal antigens and pathogens, which in turn 
induces immune activation (Hu et al., 2013). As such, energy and nutrients will be 
diverted away from growth to support immune defense processes, leading to reduced 
growth performance (Elsasser et al., 2008; Huntley et al., 2018).  
The use of lactulose and mannitol as marker probes to assess small intestinal 
barrier integrity is considered a reliable and non-invasive in vivo method (Barboza Jr et 
al., 1999). To our knowledge, there is no previously published information about the 
impact of carbohydrases on in vivo small intestinal permeability using lactulose and 
mannitol. It is known that lactulose can only traverse the intestinal wall by paracellular 
pathways, whereas mannitol passes by both paracellular and transcellular routes (Wijtten 
et al., 2011). The EB did not degrade lactulose in vitro; therefore, a lower urinary 
lactulose:mannitol ratio in pigs fed diets with EB in the current study indicates reduced 
paracellular permeability and improved barrier integrity. Decreased urinary 
lactulose:mannitol was likely associated with the increased mRNA abundance of claudin-
3 in the ileum, an important tight junction protein. The observed association between 
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increased expression of tight junction proteins and reduced intestinal permeability 
(decreased urinary lactulose:mannitol) in weaning pig was also reported in a dietary Zn 
supplementation study (Zhang and Guo, 2009). The reason for enhanced barrier integrity 
in EB supplemented diets is unclear. It may be due to modulation of intestinal microbiota 
and microbial metabolites (e.g. VFA) by low molecular weight oligosaccharides released 
from fiber degradation in the small intestine (Van Craeyveld et al., 2008; Pedersen et al., 
2015). The exact mechanisms need to be explored in future studies.  
To further assess ileal function and immune defense, SIgA was measured. 
Secretory IgA, along with mucus, is considered to be a first line of defense against 
adhesion and invasion of microorganisms in the ileal mucosa (Pabst, 2012). Lower levels 
of ileal SIgA were observed in pigs fed diets with EB alone, but not in combination with 
X, compared to the control. This may be related with the improved gut barrier function in 
the small intestine, which likely resulted in reduced access of microbiota to ileal lamina 
propria, and hence reduced stimulation of IgA production (Lewis et al., 2013). In piglets, 
Xiong et al. (2015) reported that supplementing a low dosage of chito-oligosaccharide led 
to an increase in intestinal mucosal IL-10 and SIgA, suggesting immune activation 
resulted in modulation of cytokines and antibodies. In the same study, compromised 
intestinal barrier integrity was also observed. Thus, decreased SIgA levels in the current 
study are suggestive of decreased immune activation and association with increased 
barrier integrity.  
An activated immune system has higher priority over growth production functions 
and is expensive in terms of energy and nutrients (Lochmiller and Deerenberg, 2000; 
Huntley et al., 2018). While it has been shown that dietary fiber can modulate immune 
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status of pigs likely through intestinal microbes and microbial metabolites (Weber et al., 
2008; Chen et al., 2013), whether supplementing carbohydrases can alter the immune 
modulation indirectly triggered by dietary fiber is less known. Therefore, investigating 
the effects of dietary carbohydrases on intestinal immune status is of importance in 
understanding the mechanisms whereby carbohydrases impact growth performance in 
nursery pigs as it relates to immune activation. In this study, the lack of carbohydrase 
effects on intestinal mRNA abundance of most cytokine genes evaluated was probably 
attributed to the fact that pigs were not clinically affected by pathogenic or immunogenic 
agents; thus, the intestinal immune system was not overly activated. However, these data 
suggest that changes from dietary EB were not overtly inflammatory. Interlukin-22 is a 
cytokine produced mainly by T-helper 17 (Th17) cells, γδ T cells, as well as type 3 
innate lymphoid cells (ILC), and plays an important role in orchestrating antibacterial 
immunity and host defense in the intestine (Parks et al., 2016). Its primary function is to 
promote epithelial barrier functions and restore intestinal homeostasis after infection; 
however, not all the roles of IL-22 in intestinal homeostasis are completely understood 
(reviewed in Parks et al., 2016). The decrease in ileal IL-22 mRNA levels in EB-
supplemented group may suggest a reduction in activated host defense mechanisms that 
was associated with reduced intestinal permeability (i.e., improved barrier integrity). It’s 
unclear if the change in IL-22 expression was due to differences in abundance of immune 
cell populations (e.g. ILC; Sonnenberg et al., 2012 ) or changes in bacterial recognition 
due to microbiota changes or decreased intestinal permeability. Collectively, enhanced 
barrier integrity was associated with markers of reduced immune activation (SIgA and 
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IL-22) and this may be an additional mechanism through which EB spares energy for 
growth in weaned pigs, contributing to improved BW gain in the current study.  
In conclusion, the addition of EB, but not X, increased weaned pig 28 d growth 
rate, suggesting a combination of multiple carbohydrases is more effective than 
individual carbohydrase. This improvement was not due to increased feed intake, feed 
efficiency, or improved nutrient digestibility. This EB improved markers of small 
intestinal integrity (i.e. decreased urinary lactulose:mannitol and up-regulated CLDN3 
mRNA abundance). The supplementation of EB individually, but not in combination with 
X, decreased ileal SIgA compared to the control. Moreover, pigs fed diets with the EB 
had lower mRNA abundance of IL-22 compared to diets without EB. The improved 
intestinal barrier integrity and reduced markers of immune activation may contribute to 
the improved growth rate in weaned pigs fed higher fiber diets supplemented with the 
EB. This study provides evidence of one possible mode of action of a carbohydrase 
enzyme blend in improving performance in weaned pigs. Further studies need to explore 
the mechanisms by which EB improves intestinal barrier function and modulates the 
immune status of pigs.  
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Table 2.1. Ingredients and chemical composition of the basal diet (as-fed basis)1 
Item Phase 1 Phase 2 
Ingredients, %   
Corn 48.11 49.80 
Reduced-oil corn DDGS 5.00 10.00 
Wheat middlings  5.00 10.00 
Milk whey powder 7.50 - 
Menhaden select fish meal 5.80 2.00 
Hamlet protein, HP 3002 8.00 3.00 
Soybean meal, 47.7 17.50 22.00 
Soybean oil 0.60 0.60 
Limestone 0.58 1.05 
L-Lys HCl 0.42 0.48 
DL-Met 0.14 0.08 
L-Thr 0.09 0.11 
L-Trp 0.02 0.02 
Phytase3 0.0125 0.0125 
Vitamin premix4 0.25 0.25 
Trace mineral premix5 0.15 0.15 
Tiamulin6 0.18 - 
Chlortetracycline 507 0.40 - 
Carbadox8 - 0.20 
Salt 0.25 0.25 
Calculated nutrient levels, %   
ME, Mcal/kg 3.35 3.29 
NE, Mcal/kg 2.43 2.37 
CP 23.86 22.49 
NDF 9.58 13.33 
ADF 3.73 4.99 
SID9 Lys 1.45 1.31 
SID Met 0.50 0.40 
SID Met + Cys 0.80 0.69 
SID Thr 0.85 0.77 
SID Trp 0.26 0.23 
Total Ca 0.74 0.63 
Total P 0.67 0.57 
STTD P 0.56 0.44 
1Phase 1 = d 0 - 14; Phase 2 = d 14 - 28; 0.01% xylanase or a carbohydrase enzyme blend 
or both were mixed with premixes and then added to the basal diets; for the metabolism 
trial from d 16-25, 0.40% titanium dioxide was added and mixed with 99.60% of each of 
the phase 2 diets as an indigestible marker 
2Enzyme treated soy protein products with lower levels of anti-nutritional factors 
provided by Hamlet Protein Inc. 
3Assumed to release 0.15% standardized total tract digestible (STTD) P in the diet based 
on manufacture’s recommendation 
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4Provided 6,614 IU vitamin A, 827 IU vitamin D, 26 IU vitamin E, 2.6 mg vitamin K, 
29.8 mg niacin, 16.5 mg pantothenic acid, 5.0 mg riboflavin, and 0.023 mg vitamin B12 
per kg of diet 
5Provided 165 mg Zn (zinc sulfate), 165 mg Fe (iron sulfate), 39 mg Mn (manganese 
sulfate), 17 mg Cu (copper sulfate), 0.3 mg I (calcium iodate), and 0.3 mg Se (sodium 
selenite) per kg of diet  
6Denagard 10 (tiamulin, 22 g per kg), Elanco Animal Health, Greenfield, IN 
7Aureomycin 50 (chlortetracycline, 110 g per kg), Zoetis Inc., Kalamazoo, MI 
8Mecadox 2.5 (carbadox, 5.5 g per kg), Phibro Animal Health Corp., Ridgefield Park, NJ 
9SID = standardized ileal digestible 
 
 
 
Table 2.2. Analyzed nutrient composition of phase 2 diets1 (d 14 - 28; as-fed basis) 
Item Control X EB X+EB 
DM, % 90.15 90.74 90.68 90.31 
GE, Mcal/kg 4.07 4.09 4.08 4.06 
CP, % 21.88 22.06 22.17 22.09 
aEE2, % 4.51 4.57 4.50 4.46 
NDF, % 11.04 10.74 11.09 11.16 
ADF, % 2.87 2.76 3.08 2.99 
Hemicellulose, %3 8.17 7.98 8.01 8.17 
TiO2, % 0.37 0.40 0.37 0.38 
1X: Diet with 0.01% xylanase; EB: Diet with 0.01% a carbohydrase enzyme blend; 
X+EB: Diet with both enzymes at 0.01%; for the metabolism trial from d 16-25, 0.40% 
titanium dioxide was added and mixed with 99.60% of each of the phase 2 diets 
2Acid-hydrolyzed ether extract (aEE) 
3Hemicellulose = NDF - ADF 
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Table 2.3. Primers used for real time quantitative PCR  
Gene1 
Primer sequence, 5'→3' Product 
size, 
base pair 
Accession 
no. Forward Reverse 
IL-1B 
TTGAATTCGAGTCT
GCCCTGT 
CCCAGGAAGACGG
GCTTT 
76 NM_214055 
IL-6 
GGCTGTGCAGATTA
GTACC 
CTGTGACTGCAGCT
TATCC 
124 AF518322 
IL-10 
TGGGTTGCCAAGCC
TTGT 
GCCTTCGGCATTAC
GTCTTC 
61 L20001 
IL-17 
CCAGACGGCCCTCA
GATTAC 
CACTTGGCCTCCCA
GATCAC 
103 AB102693 
IL-22 
AAGCAGGTCCTGAA
CTTCAC 
CACCCTTAATACGG
CATTGG 
133 AY937228 
OCLN 
TCGTCCAACGGGAA
AGTGAA 
ATCAGTGGAAGTTC
CTGAACCA 
95 
NM_001163
647 
CLDN3 
TTGCATCCGAGACC
AGTCC 
AGCTGGGGAGGGT
GACA 
85 
NM_001160
075 
ZO-1 
CTCTTGGCTTGCTAT
TCG 
AGTCTTCCCTGCTC
TTGC 
197 
XM_003353
439 
RPL19 
AACTCCCGTCAGCA
GATCC 
AGTACCCTTCCGCT
TACCG 
147 AF435591 
1IL: interleukin; OCLN: occludin; CLDN3: claudin-3; ZO-1: zonula occluden-1; RPL19: 
ribosomal protein - L19 
 
 
Table 2.4. Effect of xylanase (X) and a carbohydrase enzyme blend (EB) on BW of 
weaned pigs, kg1 
Day 
X2 EB3 
SEM 
P-value 
- + - + X EB X × EB 
0 6.50 6.47 6.44 6.53 0.21 0.888 0.645 0.890 
7 7.95 7.97 7.83 8.09 0.20 0.892 0.209 0.581 
14 11.60 11.65 11.43 11.82 0.20 0.774 0.063 0.448 
21 15.47 15.51 15.26 15.72 0.21 0.861 0.027 0.350 
28 19.88 19.95 19.59 20.24 0.21 0.749 0.002 0.404 
1n = 24 pens per treatment (main effects); data were analyzed using repeated 
measurements; week was significant (P < 0.05), and no X × EB × Week interaction (P > 
0.10) 
2Xylanase activity was expected to be 15,000 EPU/g and inclusion rate was 0.01% 
according to manufacturer’s recommendation 
3One gram EB was expected to contain 7,000 CU of cellulase, 5,000 U of β-glucanase, 
and 1,000 EPU of xylanase; the inclusion rate of EB was 0.01% according to 
manufacturer’s recommendation 
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Table 2.5. Effect of xylanase (X) and a carbohydrase enzyme blend (EB) on growth 
performance of weaned pigs1 
Item 
X2 EB3 
SEM 
P-value 
- + - + X EB X × EB 
ADG, kg 
        
d 0-7 0.21 0.21 0.20 0.22 0.01 0.922 0.168 0.676 
d 8-14 0.51 0.52 0.50 0.52 0.01 0.425 0.066 0.762 
d 15-21 0.53 0.55 0.53 0.55 0.01 0.170 0.049 0.177 
d 22-28 0.64 0.65 0.64 0.64 0.01 0.679 0.942 0.315 
Average 0.47 0.48 0.47 0.48 0.01 0.237 0.026 0.926 
ADFI, kg 
        
d 0-7 0.27 0.26 0.26 0.27 0.002 0.799 0.518 0.792 
d 8-14 0.57 0.57 0.56 0.58 0.002 0.990 0.483 0.606 
d 15-21 0.78 0.79 0.78 0.80 0.002 0.647 0.433 0.671 
d 22-28 0.99 1.04 1.03 1.01 0.002 0.026 0.453 0.826 
Average 0.65 0.67 0.66 0.66 0.001 0.388 0.647 0.741 
G:F 
        
d 0-7 0.77 0.80 0.77 0.80 0.01 0.047 0.201 0.753 
d 8-14 0.90 0.91 0.91 0.90 0.01 0.628 0.802 0.605 
d 15-21 0.69 0.69 0.68 0.69 0.01 0.704 0.540 0.342 
d 22-28 0.64 0.62 0.63 0.64 0.01 0.295 0.486 0.653 
Average 0.75 0.76 0.75 0.76 0.01 0.317 0.184 0.698 
1n = 24 pens per treatment (main effects) for weekly data and 96 for 28-d average data; 
data were analyzed using repeated measurements of weeks; week was significant (P < 
0.05), and no X × EB × Week interaction (P > 0.10) 
2Xylanase activity was expected to be 15,000 EPU/g and the inclusion rate of X was 
0.01% according to manufacturer’s recommendation 
3One gram EB was expected to contain 7,000 CU of cellulase, 5,000 U of β-glucanase, 
and 1,000 EPU of xylanase; the inclusion rate of EB was 0.01% according to 
manufacturer’s recommendation
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Table 2.6. Effect of xylanase (X) and a carbohydrase enzyme blend (EB) on apparent 
total tract digestibility of dietary constituents, %1, 2 
Item 
X3 EB4 
SEM 
P-value 
- + - + X EB X × EB 
DM  83.79   83.59   83.45   83.93   0.28   0.600   0.225   0.966  
GE  82.30   82.11   82.04   82.37   0.33   0.700   0.488   0.965  
CP  83.66   83.94   83.21   84.39   0.56   0.726   0.151   0.705  
aEE5  62.82   61.05   61.78   62.10   0.68   0.073   0.737   0.285  
NDF  48.95   46.10   47.11   47.94   0.65   0.004   0.375   0.535  
ADF  31.71   27.30   26.57   32.45   1.09   0.008   0.001   0.824  
Hemicellulose  55.23   52.77   54.26   53.74   0.53   0.003   0.494   0.273  
1Fecal samples were collected from d 23 - 25 and stored at -20°C until analysis; pigs 
were housed in metabolism crates and had free access to feed and water  
2n = 24 per treatment (main effects) 
3Xylanase activity was expected to be 15,000 EPU/g and the inclusion rate of X was 
0.01% according to manufacturer’s recommendation 
4One gram EB was expected to contain 7,000 CU of cellulase, 5,000 U of β-glucanase, 
and 1,000 EPU of xylanase; the inclusion rate of EB was 0.01% according to 
manufacturer’s recommendation 
5Acid-hydrolyzed ether extract (aEE) 
 
 
 
Table 2.7. Effect of xylanase (X) and a carbohydrase enzyme blend (EB) on mRNA 
abundance of cytokines and tight junction proteins in the ileum1, 2 
Gene3 
X4 EB5 
SEM 
P-value 
- + - + X EB X × EB 
IL-1B 1.00 0.96 1.09 0.87 0.12 0.141 0.527 0.453 
IL-6 0.48 0.58 0.63 0.44 0.11 0.230 0.116 0.605 
IL-10 0.79 0.79 0.78 0.79 0.13 0.628 0.882 0.388 
IL-17 0.76 0.83 0.91 0.68 0.16 0.720 0.176 0.723 
IL-22 0.73 0.57 0.84 0.46 0.13 0.363 0.037 0.742 
OCLN 1.50 1.21 1.21 1.50 0.27 0.684 0.226 0.225 
CLDN3 1.39 1.16 1.05 1.50 0.22 0.573 0.007 0.260 
ZO-1 0.25 0.24 0.21 0.29 0.05 0.281 0.067 0.803 
1Ileal tissue samples were collected on d 28  
2n = 24 per treatment (main effects) 
3IL: interleukin; OCLN: occludin; CLDN3: claudin-3; ZO-1: zonula occluden-1 
4Xylanase activity was expected to be 15,000 EPU/g and the inclusion rate of X was 
0.01% according to manufacturer’s recommendation 
5One gram EB was expected to contain 7,000 CU of cellulase, 5,000 U of β-glucanase, 
and 1,000 EPU of xylanase; the inclusion rate of EB was 0.01% according to 
manufacturer’s recommendation 
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Figure 2.1. Main effect of xylanase (X) and a carbohydrase enzyme blend (EB) on 
urinary lactulose:mannitol based on percent recovery basis. X: P = 0.788; EB: P = 0.003; 
X × EB: P = 0.191; n = 24 per treatment (main effects) 
 
 
 
 
 
 
 
 
 
 
Figure 2.2. Interaction effect of xylanase (X) and a carbohydrase enzyme blend (EB) on 
ileal mucosal secretory immunoglobulin A (SIgA) concentration. X+EB: diets with both 
X and EB; a,bMeans without a common superscript differ (P < 0.05); n = 12 per treatment
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EXOGENOUS CARBOHYDRASE REDUCED MARKERS OF SYSTEMIC 
IMMUNE ACTIVATION AND DECREASED LACTOBACILLUS IN WEANED 
PIGS 
 
Modified from a paper submitted to the Journal of Animal Science 
 
Qingyun Li*, Stephan Schmitz-Esser*, Crystal L. Loving†, Nicholas K. Gabler*, Stacie A. 
Gould*, and John F. Patience*2 
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†USDA-ARS-National Animal Disease Center, Ames, IA 50010 
 
Abstract 
While the impact of carbohydrases on performance and nutrient utilization has 
been well studied, their effects on immune status and intestinal microbiota are less known 
in pigs. This study aimed to evaluate the impact of xylanase (X) and a carbohydrase 
enzyme blend (EB; cellulase, ß-glucanase, and xylanase) on the immune profile of the 
intestine and peripheral system as well as intestinal microbes and microbial metabolites 
of weaned pigs fed higher fiber diets. Pigs (n = 460; 6.43 ± 0.06 kg BW; F25 × 6.0 
Genetiporc) were blocked by initial BW. Pens (n = 48; 12 per treatment) were randomly 
assigned to 1 of 4 dietary treatments, including a higher fiber control diet (CON) and the 
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CON supplemented with 0.01% X, 0.01% EB, or both enzymes, arranged in a 2 × 2 
factorial. The diets were based on corn, soybean meal, corn distillers dried grains with 
solubles, and wheat middlings. After a 7-d adaptation period, pigs were fed experimental 
diets ad libitum for 28 d. Blood samples were collected from the same pig within each 
pen on d 0, 7, 14, and 28. Intestinal tissues and digesta were collected on d 28. Bacteria 
16S rRNA gene copy numbers were quantified using qPCR. Data were analyzed using 
PROC GLIMMIX of SAS (9.4). Xylanase, EB, and their interaction were fixed effects 
and block was a random effect. Individual pig from which samples were collected within 
each pen was the experimental unit. The mRNA levels of colonic interleukin (IL)-17, 
occludin (OCLN), and claudin 3 (CLDN3) were greater in pigs fed diets with X+EB, but 
not X or EB, compared to those fed CON (P < 0.05). The EB reduced plasma IL-8 over 
the 28-d trial compared to diets without EB (P < 0.05). There was an X × EB interaction 
on plasma IL-1ß and tumor necrosis factor α (TNFα; P < 0.05); their concentration was 
decreased when X and EB were added together, but not individually, compared to CON. 
The EB decreased cecal propionate, butyrate, and total volatile fatty acids (VFA; P < 
0.05). Pigs fed X had lower ileal Lactobacillus and greater ileal and cecal 
Enterobacteriaceae compared to those fed unsupplemented diets (P < 0.05). The EB 
decreased Lactobacillus (P < 0.05) and tended to decrease (P = 0.065) 
Enterobacteriaceae in the colon compared to diets without EB. In conclusion, the 
addition of X and EB together decreased systemic markers of immune activation, 
potentially diverting energy and nutrients towards growth. The EB reduced colonic 
Lactobacillus and cecal total VFA, probably due to improved pre-cecal fiber and starch 
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degradation and thus reduced substrate availability in the large intestine. These data 
corroborated previously observed enhanced growth in pigs fed EB-supplemented diets. 
 
Introduction 
Weaned pigs are not efficient at utilizing dietary fiber due to their limited physical 
gut capacity (Li and Patience, 2016) and fermentation capacity (Knudsen et al., 2012). 
Thus, non-starch polysaccharide (NSP) degrading carbohydrases are currently 
supplemented to improve nutrient digestibility and growth performance of pigs (Tsai et 
al., 2017; Weiland, 2017). Arabinoxylan (AX), followed by cellulose and ß-glucan, are 
the main fiber components in corn, corn distillers dried grains with solubles (DDGS), and 
wheat middlings-based diets (Knudsen, 2014). Carbohydrase addition was reported to 
degrade NSP and increase the releases of low molecular weight oligosaccharides (Lærke 
et al., 2015; Pedersen et al., 2015) and/or monosaccharides (Gill et al., 2000). 
Arabinoxylan-oligosaccharides (AXOS) can exert prebiotic effects by selectively 
modulating intestinal microbiota and altering host immune status through interaction with 
microbes or direct stimulation of epithelial cells and monocytes (Courtin et al., 2008; 
Chen et al., 2012; Mendis et al., 2016). Therefore, it is reasonable to hypothesize that 
carbohydrase supplementation in higher fiber diets (especially abundant in AX) may 
regulate intestinal microbiota and modulate immune status, either directly or indirectly, in 
pigs through fiber degradation and production of AXOS in the intestine. 
It was previously found that a carbohydrase blend (EB; cellulase, ß-glucanase and 
xylanase) enhanced growth rate of nursery pigs fed higher fiber diets, which may be 
partly due to improved barrier integrity and decreased inflammation markers of the small 
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intestine (Li et al., 2018). However, it is unknown how the addition of EB impacts the 
large intestinal and peripheral inflammatory cytokines as well as microbial populations in 
nursery pigs. Thus, the objective of this study was to evaluate the impact of exogenous 
carbohydrases on the colonic and systemic markers of inflammation as well as microbial 
populations in nursery pigs fed higher fiber diets. It was hypothesized that 
supplementation with xylanase and/or EB would down-regulate intestinal and peripheral 
inflammatory immune status and beneficially alter the intestinal microbial population.  
Materials and methods 
All procedures in this experiment adhered to guidelines for the ethical and 
humane use of animals for research and were approved by the Institutional Animal Care 
and Use Committee at Iowa State University (#9-15-8097-S). 
Animals and experimental design 
 Pigs used in this experiment and experimental design were previously described 
in Li et al. (2018). Briefly, 460 Genetiporc 6.0 × F25 (PIC Inc., Hendersonville, TN) 
weaned pigs (6.43 ± 0.06 kg BW) were blocked by initial BW and 48 pens (n = 12 per 
treatment) were randomly assigned to 1 of 4 dietary treatments, with 9 or10 pigs per pen.  
 The 4 diets included a higher fiber control diet (CON) plus the CON 
supplemented with X, EB, or X+EB, arranged in a 2 × 2 factorial: X (0 or 0.01%) and EB 
(0 or 0.01%). Both enzymes were provided by Huvepharma (Peachtree City, GA) and the 
inclusion rate was based on manufacturer’s recommendations. Diets were based on corn, 
soybean meal, corn DDGS, and wheat middlings. At weaning, all pigs had a 7-d period of 
acclimation to the environment and were fed a common commercial starter diet that did 
not contain any antibiotics or zinc or copper at levels above nutritional requirement. The 
77 
 
 
experimental diets were then fed for 28 d in 2 phases, with d 0 - 14 as phase 1 and d 15 - 
28 as phase 2. Phase 1 diets contained 5% corn DDGS and 5% wheat middlings, and 
phase 2 diets contained 10% corn DDGS and 10% wheat middlings.  
Sample collection 
On d 0, one pig per pen, closest to pen average BW, was selected and ear tagged 
again for identification to collect repeated blood samples after being weighed. On d 7, 14, 
and 28, venous blood was collected from the same pigs by jugular venipuncture into 10 
mL vacutainer tubes with sodium heparin (Becton Dickinson, Franklin Lakes, NJ, USA) 
and placed on ice after collection. Harvested blood was centrifuged at 2,000 × g for 10 
min at 4 °C, and the resulting plasma was aliquoted into 1.5 mL microcentrifuge tubes 
and stored at -80°C for later analysis of cytokines, as markers of systemic inflammatory 
status. 
On d 28, the same pig used for blood collection from each pen was euthanized by 
captive bolt stunning followed by exsanguination. Post-euthanasia, the abdomen was 
opened and the entire gastrointestinal tract was removed. Mid-colon tissues were 
collected, rinsed with ice-cold phosphate-buffered saline (PBS), snap-frozen in liquid 
nitrogen, and kept at -80°C for later RNA extraction. Digesta samples (3-5 grams) from 
distal ileum, cecum, and mid-colon were collected, snap-frozen in liquid nitrogen, and 
kept at -80°C pending DNA extraction.  
The pH of the digesta from the cecum and mid-colon was measured by directly 
inserting the probe of a portable pH meter (Oakton Instruments, Vernon Hills, IL) into 
the content. Digesta samples (approximately 20 mL) were then collected into 50 mL 
tubes and immediately stored at -20°C pending volatile fatty acids (VFA) analysis.  
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Analytical methods 
The procedures for RNA isolation and real-time quantitative PCR (qPCR) to 
determine gene transcript abundance in colonic tissue were previously described in Li et 
al. (2018). Plasma samples were analyzed in duplicate for interferon (IFN)-α, IFN-γ, 
tumor necrosis factor alpha (TNFα), interleukin (IL)-1β, IL-4, IL-6, IL-8, and IL-10 
using a multiplex ELISA following the manufacturer's recommendations (Aushon 
Biosystems, Billerica, MA).  
The concentration of VFA was determined using a Gas Chromatography (3800 
Varian GC, Agilent Technologies, Santa Clara, CA). One gram of digesta samples were 
thawed and suspended in 2.5 mL of distilled water in a screw-capped tube. After being 
vortexed, 1 mL of the mixture was transferred into a 1.5-mL centrifuge tube and mixed 
with 0.2 mL of metaphosphoric acid and 0.1 mL of isocaproic acid as an internal standard 
(48.3 mM; Sigma-Aldrich, Saint Louis, MO). A standard curve was generated using five 
concentrations of acetate, propionate, butyrate, valerate, isobutyrate, and isovalerate 
(Sigma-Aldrich, Saint Louis, MO). The tubes were then centrifuged at 15,000 × g at 4°C 
for 20 min. Aliquots of the supernatant (1 mL) of the standard and digesta samples were 
transferred to 1.5 mL GC vials and duplicate of 100 uL were injected to the GC for 
analysis. A flame ionization detector was used with an oven temperature of 60 - 200°C. 
The Nukol capillary column (15 m  0.25 mm  0.25 μm; Sigma-Aldrich, Bellefonte, 
PA) was operated with highly purified He, as the carrier gas, at 1 mL/min. 
Concentrations of acetate, propionate, butyrate, valerate, isobutyrate, and isovalerate 
were calculated using the ratio of the peak area of each compound to the internal standard 
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and standard curve regression. Molar proportions of VFA (%) were calculated as the 
individual VFA / total VFA concentration × 100. 
Microbial quantification using qPCR 
Total genomic DNA was extracted from intestinal digesta (250 mg) using DNeasy 
PowerLyzer PowerSoil kit (Qiagen, Germantown, MD) according to manufacturer’s 
instructions. Genomic DNA concentration and purity were measured using a ND-1000 
spectrophotometer (NanoDrop Technologies, Rockland, DE). All samples had 260:280 
nm ratios above 1.7. Extracted DNA from the ileal, cecal, and colonic digesta was 
adjusted to 5, 10, and 20 ng/µL, respectively.  
The primers used to amplify the bacterial 16S rRNA gene are shown in Table 3.1. 
Lactobacillus and Bifidobacterium were selected to indicate abundance of beneficial 
bacteria, and Enterobacteriaceae was selected as an indicator of potential opportunistic 
pathogens. The PCR amplicon size for the target 16S rRNA genes was checked by 
running 1% gel electrophoresis. Real-time qPCR was performed in 20 µL reactions using 
iQ SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA). Each reaction was run 
in duplicate, including 10 µL of SYBR Green Supermix, 1 µL of each forward and 
reverse primer, 2 µL of DNA, and 6 µL of nuclease-free water. Duplicates of the no 
template negative control were included in each PCR run. All qPCR procedures were 
optimized and included: one cycle of pre-denaturation at 95°C for 10 min; 40 cycles of 
denaturation at 95°C for 15 s, at optimal annealing temperature for 30 s and extension at 
72°C for 60 s; one cycle of 95°C for 1 min; and one cycle of 55°C for 1 min. Data were 
collected at the extension step. Fluorescence of SYBR Green was quantified with the iQ5 
Real Time PCR Detection System and amplification plots were analyzed using the iQ5 
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Optical System Software version 2.0 (Bio-Rad Laboratories, Hercules, CA) to obtain the 
cycle threshold (Ct) values for each reaction. To determine the specificity of the 
amplification, melting curve analysis was performed by slow heating with an increment 
of 0.1°C/s from 55 to 95°C.  
To quantify the 16S rRNA gene copy numbers of total bacteria and target bacteria, 
standard curves were generated using a series of 10-fold dilutions of purified PCR 
products or bacterial DNA extracted from pure cultures of specific bacteria. For total 
bacteria, PCR products from the amplifying microbial 16S rRNA gene using the 
universal primer set 27F-1492R (27F: AGAGTTTGATYMTGGCTCAG; 1492R: 
TACGGYTACCTTGTTACGACT) from digesta genomic DNA were purified with a 
PureLink PCR purification kit (Invitrogen Life Technologies, Carlsbad, CA) and used as 
standard DNA. Concentrations of standard DNA samples were quantified using Qubit 3.0 
Fluorometer (Thermo Fisher Scientific, Hanover Park, IL). The copy number of standard 
DNA molecules was calculated using the following equation: DNA (molecules/µL) = 
[6.02 × 1023 (molecules/mol) × DNA concentration (g/µL)] / [DNA length (bp) × 660 
(g/mol/bp)]. The standard DNA was then serially diluted 10-fold (1 × 107 to 1 × 101 
copies/μL) and qPCR reactions were run to build specific standard curves. Each standard 
curve was constructed by linear regression of the plotted points, and cycle threshold (Ct) 
values were plotted against the logarithm of template copy numbers. 
The gene copy numbers of total bacteria and target bacterial groups in intestinal 
digesta DNAs were determined by relating the Ct values to respective standard curves. 
The final copy numbers of total bacteria and target bacterial groups per gram of wet 
digesta were calculated using the equation (QM × C × DV)/(S × V) according to Metzler-
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Zebeli et al. (2013), where QM was the quantitative mean of the copy number, C was the 
DNA concentration of each sample, DV was the dilution volume of extracted DNA, S 
was the DNA amount (ng) in each reaction, and V was the sample weight (g) used for 
DNA extraction. The amplification efficiency was confirmed to be between 80 - 110% 
for all reactions.   
Statistical analysis 
Data were analyzed as a 2 × 2 factorial in a randomized complete block design 
using generalized linear mixed model methods (PROC GLIMMIX, SAS 9.4, SAS 
Institute Inc., Cary, NC). The 2 factors were X (0 or 0.01%) and EB (0 or 0.01%). The 
UNIVARIATE procedure was used to check normality and equal variance of residuals, 
and to identify statistical outliers (> 3 standard deviations from the mean). Xylanase, EB, 
and their interaction were fixed effects; block was considered a random effect. The 
individual pig from each pen from which samples were collected was the experimental 
unit. 
Blood cytokine data were log-transformed before analysis using repeated 
measurements with collection day as the repeated effect and a variance structure of auto-
regressive 1 was applied. Because baseline (d 0) IFN-α was different and IL-8 tended to 
be different among treatments, their concentrations were used as a covariate in the model. 
If there was a treatment by day interaction, means of the main effect on each day were 
separated using the least square means statement and the slice = day option. The 
interactions between X and EB within each day were calculated using the lsmestimate 
statement. Bacterial 16S rRNA gene copies of total and specific bacteria data were log10-
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transformed for analysis. Least square means of treatments were reported. Differences 
were considered significant if P ≤ 0.05 and a tendency if 0.05 < P ≤ 0.10. 
Results 
Colonic gene mRNA abundance 
Xylanase did not impact the mRNA abundance of IL1B; however, EB tended to 
decrease its abundance (P < 0.10; Table 3.2). A significant X × EB interaction (P < 0.05) 
was observed for colonic IL-6 mRNA, with EB increased IL-6 mRNA in the presence of 
X, but not in the absence of X. The addition of X tended to decrease (P < 0.10) IL-10 
mRNA in the colon of pigs receiving diets with EB, but not in diets without EB. The 
mRNA abundance of IL-17 tended to be greater in pigs fed diets with X, and IL-22 
tended to be decreased by EB (P < 0.10). A significant X × EB interaction was observed 
for colonic IL-17, occludin (OCLN) and claudin-3 (CLDN3) mRNA (P < 0.05); their 
mRNA abundance was increased in pigs fed diets supplemented with X+EB, but not X or 
EB alone, compared to those fed unsupplemented CON diets (P < 0.05). Pigs consuming 
diets with X tended to have greater mRNA abundance of OCLN, and EB tended to 
increase mRNA abundance of CLDN3 and zonula occludens-1 (ZO-1; P < 0.10) 
compared to diets without enzyme supplementation.  
Plasma cytokines 
More than half of the plasma samples were below the detection limit for IL-4, IL-
6, IL-10, and IFNγ, thus no statistical analysis was performed (data not shown). Samples 
above detection limit were removed and those below the detection limit were assigned a 
value of the lowest detection limit of 0.3, 0.1, 3.1, and 0.4 pg/mL for IFNα, TNFα, IL-1ß, 
and IL-8, respectively. No X × EB × day interaction was observed for any blood 
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cytokines. Because there was no X × day or EB × day interaction, the overall interaction 
effects of X × EB were shown for IL-1ß and TNFα. Plasma levels of IL-1ß and TNFα 
were significantly (P < 0.05) decreased only when X and EB were added together, but 
not individually, compared to CON (Fig. 4.1). The EB increased (P < 0.05) plasma IFNα 
on d 14 compared with diets without EB; however, EB had no impact on IFNα on d 7 or 
over the 28-d period (Table 3.3). Neither X or X × EB interaction impacted plasma levels 
of IFNα or IL-8. Pigs fed diets with EB had lower concentrations of IL-8 on d 7 and over 
the 28-d period in the plasma compared to those received diets without EB (P < 0.05).  
Volatile fatty acids and pH 
In the cecum, there was no X × EB interaction or main effect of X on any VFA or 
on pH (Table 3.4). The EB decreased the concentration of propionate, butyrate, valerate, 
and total VFA (P < 0.05), but did not affect acetate or pH in the cecum. The molar 
proportion (%) of cecal acetate was higher and butyrate was lower in EB-supplemented 
diets than those without EB (P < 0.05).  
In the colon, the main effect of X did not impact the concentrations of total VFA 
or individual VFA (Table 3.5) except for isobutyrate and isovalerate, which were 
increased (P < 0.05). Butyrate concentration tended to be lower in colon of pigs fed the 
EB-supplemented diet compared to pigs fed diets without EB (P < 0.10). There was a 
significant X × EB interaction on colonic propionate (P < 0.05); EB decreased its 
concentration when X was not present, but not when X was supplemented. A tendency 
for X × EB interaction was also observed on colonic total VFA (P < 0.10), such that EB 
decreased its concentration when added individually, but not together with X, compared 
84 
 
 
to diets without EB. Xylanase tended to increase colonic pH when EB was not present (P 
< 0.10), but not when EB was present. 
Microbial populations in the intestinal digesta 
The supplementation of X and EB, individually or together, did not alter 16S 
rRNA gene copies of total bacteria or Bifidobacterium spp. in all 3 intestinal segments 
(Table 3.6). Unexpectedly, X decreased Lactobacillus spp. in the ileum and increased the 
Enterobacteriaceae family in both ileum and cecum (P < 0.05). Similarly, EB tended to 
reduce the gene copies of Lactobacillus spp. in both ileum and cecum (P < 0.10) and 
significantly decreased its gene copies in the colon (P < 0.01). The gene copies of the 
Enterobacteriaceae family tended to be lower in colon of pigs fed EB-supplemented diets 
compared to those fed diets without EB (P < 0.10). No X × EB interaction was detected 
for Enterobacteriaceae in all 3 intestinal sections.  
The relative abundance (%) of Lactobacillus spp. was decreased (P < 0.05) and 
Bifidobacterium spp. tended to be decreased (P < 0.10) in both ileum and cecum by the 
main effect of X (Table 3.7). The X also increased the relative abundance of 
Enterobacteriaceae in the ileum (P < 0.05). Pigs fed diets with EB tended to reduce the 
relative abundance of ileal Lactobacillus spp. (P < 0.10) and significantly reduced cecel 
and colonic relative abundance of Lactobacillus spp. compared with those received 
unsupplemented diets (P < 0.05). The main effect of EB and X × EB interaction had no 
impact on relative abundance of Bifidobacterium spp. and Enterobacteriaceae.   
Discussion 
This study was a further analysis of samples collected during experiments 
conducted in previous work (Li et al., 2018). It was found that EB supplementation 
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improved small intestinal barrier function and reduced markers of immune activation in 
the ileum, which concurred with an improved growth rate compared to diets without EB; 
yet feed intake and digestibility of energy and nutrients were not improved by EB, except 
for ADF (Li et al., 2018). The current experiment was to examine the effects of EB on 
colonic and peripheral inflammatory cytokines as well as microbial populations in the 
same pigs. Such work will provide further evidence for the mode of action of EB in 
improving growth of weaned pigs fed higher fiber diets.  
The current results that EB tended to increase CLDN3 and ZO-1 mRNA and 
decrease IL-22 and IL-1B mRNA abundance in the colon agreed with previously reported 
findings in the ileum (Li et al., 2018). This may indicate that EB supplementation 
improves intestinal barrier function and reduces markers of inflammation not only in the 
small intestine but also the large intestine. Elevated levels of proinflammatory cytokines, 
such as IL-1β and TNFα, increase gut permeability through the regulation of tight 
junction proteins (Capaldo and Nusrat, 2009; Chen et al., 2013). Conversely, impaired 
barrier integrity in pigs caused by heat stress increases the translocation of 
lipopolysaccharide (Gabler et al., 2018), which is a potent immune stimulator to induce 
inflammation (Huntley et al., 2018). Thus, the reduced plasma IL-8 and colonic IL-1B 
mRNA in EB seemed consistent with previously observed improvements in small 
intestinal barrier integrity (Li et al., 2018) and the current upregulated tight junction 
proteins mRNA. The downregulation of IL-1B mRNA in the colon by EB may also be 
associated with decreased butyrate concentration. This is supported by Milo et al. (2002), 
who reported that VFA (acetate, propionate, and butyrate) supplementation increased 
ileal IL-1β and IL-6 protein abundance in pigs. Further, IL-17 has been shown to 
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stimulate the development of tight junctions in human intestinal epithelial cells, which 
was correlated with up-regulation of CLDN1 and CLDN2 mRNA levels (Kinugasa et al., 
2000). These data partially support our findings that the increased mRNA abundance of 
OCLN and CLDN3 by EB when X was present coincides with elevated IL-17 mRNA in 
the colon.  
Neither X nor EB had an impact on plasma IFNα over the 28-d period, which may 
be explained by the fact that IFNα proteins are often associated with virus infection 
(Doyle, 2016). Interlukin-1ß, TNFα, and IL-8 are important inflammatory response 
mediators, levels of which are normally increased during an immune challenge to 
orchestrate host immune response (Huntley et al., 2018). However, increased amounts of 
pro-inflammatory cytokines generally have a negative influence on the growth and well-
being of the animal (Elsasser et al., 1995; Huntley et al., 2018). Therefore, the lower 
plasma IL-8 in pigs fed EB and reduced plasma TNFα and IL-1ß in pigs fed diets with 
X+EB may suggest reduced systemic inflammation by carbohydrase supplementation. 
The observation that plasma TNFα and IL-1ß were decreased only by X+EB in 
comparison to CON indicates an additive impact of the two enzymes. Xylanase contained 
high xylanase activity and EB contained high cellulase and ß-glucanase activity but low 
xylanase activity. The combination of X and EB may be more effective in breaking down 
the NSP to release low molecular weight oligosaccharides, which then can reduce 
inflammation (Chen et al., 2012; Mendis et al., 2016). The decreased markers of 
inflammation by EB (plasma IL-8 and colonic IL1B) and X+EB (plasma TNFα and IL-
1ß), as well as increased indicators for improved intestinal barrier integrity, may 
contribute to the previously observed improvement in ADG in EB-supplemented diets (Li 
et al., 2018). 
87 
 
 
Exogenous enzymes may regulate intestinal microbiota through modulating 
undigested substrates (e.g. starch and protein) and in situ release of soluble and more 
easily fermentable oligosaccharides in the intestine (Bedford and Cowieson, 2012; Kiarie 
et al., 2013). Previous research showed that AXOS derived from arabinoxylan 
degradation promoted the growth of some Lactobacilli and Bifidobacteria in chickens 
(Courtin et al., 2008) and humans (Kontula et al., 2000; Sanchez et al., 2009). While 
there is a scarcity of information about xylanase-derived AXOS on intestinal microbiota 
in pigs, the current observation that X decreased Lactobacillus spp., tended to decrease 
Bifidobacterium spp., and increased Enterobacteriaceae family in the intestine is rather 
unexpected and the reasons for those are unclear. 
The 16S rRNA gene copies and relative abundance (%) of Lactobacillus spp. 
(amylolytic bacteria) tended to be decreased in the ileum and were significantly 
decreased in the colon of pigs fed EB-supplemented diets compared to unsupplemented 
diets. These data appear to be due to the accelerated removal of starch by EB (Bedford 
and Cowieson, 2012; Zhang et al., 2018). In accordance with the current experiment, 
Smith et al. (2010) showed that xylanase and ß-glucanase supplementation decreased 
Lactobacilli populations in the ileum compared with treatment without those enzymes. 
Similarly, Vahjen et al. (2007) reported decreased Lactobacillus spp. in the stomach by 
adding either a multi-enzyme or a mono-enzyme to a wheat-based diet in nursery pigs. 
The authors suspected that the inhibition of bacterial growth might be protective against 
generating more hydrogen peroxide by Lactobacilli, potentially leading to peroxidation 
and subsequently impaired growth performance. In contrast, Kiarie et al. (2007) and 
Zhang et al. (2014) reported that the addition of a blend of carbohydrases increased the 
Lactobacilli count in the ileum and feces in pigs.  
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Because EB improved growth rate and intestinal barrier integrity (Li et al., 2018), 
it seems that the decrease in Lactobacillus spp. by EB may not indicate disturbed 
intestinal microbial homeostasis. Xu et al. (2016) speculated that the decrease in 
Lactobacillus on d 8 post-weaning in the stomach and ileum of piglets supplemented with 
butyrate may not negatively impact gut health, as microbial diversity was increased and 
Lactobacillus was still the most predominant genus. Furthermore, pigs fed EB-
supplemented diets tended to have reduced colonic Enterobacteriaceae, indicating less 
abundance of pathogenic bacteria, which agreed with Zhang et al. (2014) and Zhang et al. 
(2018). Collectively, the decreased Lactobacillus spp. abundance in the small and large 
intestine by X and EB may suggest reduced substrate availability, supported by Van der 
Meulen et al. (2001), who showed xylanase and cellulase activitity in the stomach and 
small intestine. Lower Lactobacillus abundance was reported in IL-22-deficient mice, 
with no detectable pathology or abnormal colon architecture (Zenewicz et al., 2013). 
Therefore, it is also possible that the decreased Lactobacillus abundance observed in EB 
is associated with an interaction with the host immune system (e.g. lower ileal IL-22 
mRNA reported in Li et al., 2018). The reasons for the discrepancies in microbiota across 
experiments is probably associated with differences in initial intestinal microbial status 
and age of animals, type of carbohydrase used, dietary nutrient levels, and fibrous 
substrate characteristics (reviewed by Kiarie et al., 2013 and Mendis et al., 2016). Further 
studies are warranted to investigate the composition and function of microbial 
communities more broadly, in the context of carbohydrases as feed additives, to elucidate 
associated functions regarding intestinal health and immunity via molecular microbiology 
techniques, such as 16S rRNA sequencing, metagenomics, and metatranscriptomics.  
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As with reduction in Lactobacillus abundance, the lower total VFA in the cecum 
of pigs fed EB-supplemented diets compared to un-supplemented diets may reflect 
reduced substrate availability. It appears that the readily fermentable fiber was degraded 
by EB and the released degradation products were fermented by microbes in the small 
intestine, resulting in less degradable substrate entering the large intestine for microbial 
fermentation (Zeng et al., 2018). This theory is further confirmed by Clarke et al. (2018), 
who reported decreased total VFA in the colon accompanied with an improved ileal 
digestibility of gross energy in pigs receiving xylanase and β-glucanase supplemented 
diets. Energy absorbed as monosaccharides (e.g., glucose) in the small intestine will be 
used by the pig with greater efficiency than as VFA produced by fermentation in the 
large intestine (Patience, 2017). Therefore, carbohydrases may improve energy utilization 
by shifting fiber degradation from the distal to proximal intestine. This agrees with the 
improved growth performance in EB-supplemented diets (Li et al., 2018). The X 
increased isobutyrate and isovalerate in the colon, suggesting increased fermentation of 
proteinaceous substrates, in agreement with Clarke et al. (2018). This is most likely due 
to increased degradation of easily fermentable fiber in X-supplemented diets before the 
colon, thus reducing readily fermentable carbohydrate in the colon. This, in turn, causes 
decreased fiber utilizing bacteria and nitrogen utilization for protein synthesis by those 
bacteria, which consequently leads to increased proteinaceous substrates for fermentation 
(Clarke et al., 2018).  
In conclusion, EB decreased IL-8 and the combination of X and EB decreased 
TNFα and IL-1ß in the plasma, possibly suggesting decreased systemic immune 
activation. The mRNA abundance of colonic tight junction protein genes was 
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significantly increased. The reduced plasma proinflammatory cytokines and improved 
colonic tight junction protein mRNA levels by the combination of X+EB indicate 
additive effects of the two enzymes. Lower relative abundance of Lactobacillus spp. was 
observed in pigs fed X-supplemented diets compared to those fed diets without X. 
Supplementation of EB decreased the relative abundance of Lactobacillus spp. in the 
cecum and colon as well as total VFA in the cecum compared to diets without EB. These 
data may indicate improved fiber and starch degradation in the small intestine and hence 
decreased fermentable substrate availability for microbes in the large intestine. These 
data corroborated previously observed enhanced growth in pigs fed EB-supplemented 
diets. Further studies are warranted to investigate broader microbial population changes 
in response to dietary carbohydrase addition and mechanisms whereby carbohydrases 
alter immune response. In situ production of fiber degradation products in both small and 
large intestines should be considered to provide insight into the association between 
microbial activity and the amount as well as the type of specific NSP hydrolysis products. 
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Table 3.1. Sequences of primers for quantification of total bacteria and target bacterial 
groups1 
Bacteria Primer sequence, 5'–3' 
Annealing 
temperature 
(°C) 
Product 
size 
(bp) 
Total bacteria    
Forward CCTACGGGAGGCAGCAG 
61 189 
Reverse ATTACCGCGGCTGCTGG 
Lactobacillus spp.    
Forward AGCAGTAGGGAATCTTCCA 
62 341 
Reverse CACCGCTACACATGGAG 
Bifidobacterium spp.    
Forward TCGCGTCYGGTGTGAAAG 
60 243 
Reverse CCACATCCAGCRTCCAC 
Enterobacteriaceae 
family 
   
Forward CATTGACGTTACCCGCAGAAGAAGC 
65 195 
Reverse CTCTACGAGACTCAAGCTTGC 
1Primer sequences were from Metzler-Zebeli et al. (2013)   
 
 
Table 3.2. Effect of xylanase (X) and a carbohydrase enzyme blend (EB) on the fold 
difference of mRNA abundance of cytokines and tight junction protein genes in the 
colon1 
Gene name2 
Treatment3 
SEM 
P-value 
Control X EB X+EB X EB X × EB 
IL-1B 3.58 2.91 2.35 0.87 0.89 0.245 0.054 0.491 
IL-6 1.33ab 0.75b 0.84ab 1.36a 0.22 0.911 0.370 0.015 
IL-10 1.65 1.92 2.04 0.83 0.48 0.199 0.874 0.055 
IL-17 1.33b 1.42ab 1.13b 1.74a 0.15 0.072 0.668 0.015 
IL-22 2.03 1.94 0.89 1.67 0.35 0.297 0.100 0.170 
OCLN 1.08b 1.20b 0.68b 1.53a 0.21 0.052 0.305 0.014 
CLDN3 1.63b 1.22b 1.17b 2.40a 0.27 0.309 0.059 0.013 
ZO-1 0.41 0.45 0.44 0.67 0.11 0.148 0.075 0.212 
1n = 12 per treatment 
2IL: interleukin; OCLN: occludin; CLDN3: claudin 3; ZO-1: zonula occludens-1. 
3X = xylanase, EB = enzyme blend, X+ EB = combination of xylanase and enzyme 
blend. Xylanase activity was expected to be 15,000 EPU/g; one gram EB was expected to 
contain 7,000 CU of cellulase, 5,000 U of β-glucanase, and 1,000 EPU of xylanase; the 
inclusion rate of both X and EB was 0.01% according to manufacturer’s 
recommendation.
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Table 3.3. Effect of xylanase (X) and a carbohydrase blend (EB) on plasma cytokine 
concentrations1,2  
Item3 
Treatment4 
SEM 
P-value5,6 
Control X EB X+EB X EB X × EB 
IFNα, pg/mL 
     
0.409 0.341 0.274 
d 0 199.4 143.8 86.6 30.0 27.8 0.356 0.065 0.973 
d 7 32.9 35.8 1.5 2.2 11.8 0.600 0.348 0.521 
d 14 0.3 1.2 2.4 1.3 0.5 0.696 0.001 0.162 
d 28 1.4 5.5 4.2 5.3 1.4 0.147 0.069 0.729 
IL-8, pg/mL  
    
 0.543 0.046 0.727 
d 0 86.4 14.0 31.9 10.7 17.6 0.008 0.239 0.997 
d 7 19.2 19.3 8.7 7.3 3.5 0.846 0.042 0.344 
d 14 4.5 7.4 3.7 4.1 0.8 0.529 0.328 0.787 
d 28 10.7 10.9 9.5 13.7 1.9 0.489 0.899 0.600 
1n = 12 per treatment for individual collection day data and 48 for 4 collection days data; 
samples above the detection limit of each cytokine were removed, including 1) IFNα : 2 
and 1 from the Control on d 7 and 14, respectively, and 2) IL-8: 3 from the Control, 2 
from X, and 1 from EB on d 0, 3 from the Control and 1 from X on d 7, and 1 from X on 
d 14.  
2data were analyzed as repeated measurements with day as the repeated effect and least 
square means were reported ; P (day) < 0.01 and P (X × EB × day) > 0.10.  
3IFNα: interferon alpha; IL-8: interleukin 8. 
4X = xylanase, EB = enzyme blend, X+ EB = combination of xylanase and enzyme 
blend. Xylanase activity was expected to be 15,000 EPU/g; one gram EB was expected to 
contain 7,000 CU of cellulase, 5,000 U of β-glucanase, and 1,000 EPU of xylanase; the 
inclusion rate of both X and EB was 0.01% according to manufacturer’s 
recommendation.  
5Baseline IFNα concentration on d 0 was different among treatments, thus it was used as 
a covariate in data analysis. 
6Baseline IL-8 concentration on d 0 tended to be different among treatments, thus it was 
used as a covariate in data analysis.  
   
Table 3.4. Effect of xylanase (X) and a carbohydrase enzyme blend (EB) on volatile fatty acids (VFA) and pH of digesta in the 
cecum1 
Item 
Treatment2 
SEM 
P-value 
Control X EB X+EB X EB X × EB 
VFA concentration, umol/g         
Acetate 84.80 84.25 77.39 81.45 2.80 0.595 0.128 0.485 
Propionate 39.53 38.15 32.53 34.26 1.05 0.907 0.001 0.300 
Butyrate 16.50 17.54 12.74 13.11 0.84 0.556 0.002 0.780 
Valerate 1.95 2.30 1.30 1.40 0.19 0.408 0.008 0.663 
Isobutyrate 0.28 0.23 0.21 0.23 0.02 0.568 0.168 0.114 
Isovalerate 0.30 0.26 0.27 0.28 0.02 0.717 0.865 0.514 
Total  143.22 142.66 124.33 135.04 3.47 0.314 0.012 0.265 
pH 5.69 5.64 5.72 5.74 0.04 0.758 0.282 0.568 
VFA molar proportion, %3         
Acetate 59.36 59.01 62.13 62.03 0.80 0.808 0.005 0.896 
Propionate 27.71 26.81 26.13 26.42 0.50 0.634 0.132 0.355 
Butyrate 11.31 12.24 10.35 10.09 0.49 0.628 0.030 0.391 
Valerate 1.32 1.64 1.08 1.13 0.15 0.349 0.062 0.480 
Isobutyrate 0.19 0.16 0.17 0.19 0.02 0.789 0.968 0.199 
Isovalerate 0.21 0.19 0.22 0.23 0.02 0.831 0.350 0.657 
1n = 12 per treatment 
2X = xylanase, EB = enzyme blend, X+ EB = combination of xylanase and enzyme blend. Xylanase activity was expected to be 
15,000 EPU/g; one gram EB was expected to contain 7,000 CU of cellulase, 5,000 U of β-glucanase, and 1,000 EPU of xylanase; the 
inclusion rate of both X and EB was 0.01% according to manufacturer’s recommendation.  
3Calculated as the individual VFA concentration / total VFA concentration × 100% 
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Table 3.5. Effect of xylanase (X) and a carbohydrase enzyme blend (EB) on volatile fatty acids (VFA) and pH of digesta in the colon1 
Item 
Treatment3 
SEM 
P-value 
Control X EB X+EB X EB X × EB 
VFA concentration, umol/g         
Acetate 93.60 86.44 85.16 88.48 3.95 0.640 0.437 0.207 
Propionate 44.85a 36.64b 37.03b 38.13b 2.10 0.126 0.172 0.048 
Butyrate 23.52 19.85 18.70 19.88 1.42 0.358 0.082 0.078 
Valerate 3.48 3.19 2.61 3.05 0.28 0.853 0.203 0.352 
Isobutyrate 0.83 1.18 0.89 1.15 0.10 0.038 0.904 0.745 
Isovalerate 1.11 1.61 1.18 1.59 0.15 0.039 0.917 0.828 
Total  167.40 148.91 145.57 152.27 7.16 0.395 0.186 0.075 
pH 5.82 6.14 5.96 5.94 0.07 0.081 0.670 0.053 
VFA molar proportion, %3         
Acetate 56.13 57.89 58.69 58.26 0.62 0.419 0.079 0.187 
Propionate 26.78 24.58 25.17 24.79 0.45 0.049 0.275 0.158 
Butyrate 13.90 13.26 12.72 12.99 0.48 0.762 0.233 0.451 
Valerate 2.01 2.21 1.80 2.00 0.15 0.337 0.314 0.997 
Isobutyrate 0.50 0.86 0.69 0.82 0.09 0.075 0.583 0.377 
Isovalerate 0.68 1.20 0.93 1.14 0.14 0.072 0.616 0.434 
1n = 12 per treatment 
2X = xylanase, EB = enzyme blend, X+ EB = combination of xylanase and enzyme blend. Xylanase activity was expected to be 
15,000 EPU/g; one gram EB was expected to contain 7,000 CU of cellulase, 5,000 U of β-glucanase, and 1,000 EPU of xylanase; the 
inclusion rate of both X and EB was 0.01% according to manufacturer’s recommendation.  
3Calculated as the individual VFA concentration / total VFA concentration × 100% 
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Table 3.6. Effect of xylanase (X) and a carbohydrase enzyme blend (EB) on intestinal bacterial populations (log10 16S rRNA gene 
copies/g wet digesta)1 
Item 
Treatment2 
SEM 
P-value 
Control X EB X+EB X EB X × EB 
Ileum 
    
    Total 9.64 9.70 9.56 9.68 0.10 0.482 0.687 0.840 
Lactobacillus spp. 8.66 8.41 8.46 7.86 0.15 0.045 0.074 0.391 
Bifidobaterium spp. 8.05 7.58 7.43 7.63 0.26 0.710 0.440 0.366 
Enterobacteriaceae family 4.43 5.34 4.64 5.01 0.20 0.012 0.813 0.266 
Cecum 
    
    
Total 10.17 10.21 10.16 10.29 0.04 0.148 0.581 0.462 
Lactobacillus spp. 8.90 8.89 8.71 8.61 0.08 0.644 0.061 0.712 
Bifidobaterium spp. 8.30 7.90 7.86 8.03 0.20 0.683 0.575 0.302 
Enterobacteriaceae family 6.01 6.52 6.13 6.50 0.15 0.046 0.818 0.761 
Colon 
    
    
Total 9.97 10.09 9.98 9.96 0.05 0.323 0.256 0.199 
Lactobacillus spp. 9.08 9.18 8.97 8.77 0.06 0.601 0.005 0.085 
Bifidobaterium spp. 7.57 7.59 7.61 7.63 0.15 0.475 0.318 0.408 
Enterobacteriaceae family 6.15 6.61 6.04 5.99 0.13 0.290 0.065 0.191 
1n = 12 per treatment 
2X = xylanase, EB = enzyme blend, X+ EB = combination of xylanase and enzyme blend. Xylanase activity was expected to be 
15,000 EPU/g; one gram EB was expected to contain 7,000 CU of cellulase, 5,000 U of β-glucanase, and 1,000 EPU of xylanase; the 
inclusion rate of both X and EB was 0.01% according to manufacturer’s recommendation.  
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Table 3.7. Effect of xylanase (X) and a carbohydrase enzyme blend (EB) on relative abundance of intestinal bacterial populations 
(%)1 
Item 
Treatment2 
SEM 
P-value 
Control X EB X+EB X EB X × EB 
Ileum                 
Lactobacillus spp. 13.25 10.57 10.75 3.39 2.48 0.007 0.075 0.289 
Bifidobaterium spp. 4.76 2.62 3.93 1.64 0.92 0.098 0.489 0.954 
Enterobacteriaceae family 0.001 0.018 0.003 0.031 0.01 0.033 0.939 0.225 
Cecum 
        Lactobacillus spp. 6.32 6.08 4.59 2.43 0.71 0.046 0.001 0.076 
Bifidobaterium spp. 2.04 1.24 1.92 1.07 0.34 0.059 0.712 0.874 
Enterobacteriaceae family 0.03 0.04 0.02 0.05 0.01 0.272 0.758 0.877 
Colon 
        Lactobacillus spp. 14.98 14.71 11.76 8.05 1.44 0.246 0.032 0.446 
Bifidobaterium spp. 0.61 0.42 0.76 0.56 0.11 0.199 0.341 0.959 
Enterobacteriaceae family 0.05 0.09 0.04 0.03 0.02 0.466 0.117 0.465 
1n = 12 per treatment 
2X = xylanase, EB = enzyme blend, X+ EB = combination of xylanase and enzyme blend. Xylanase activity was expected to be 
15,000 EPU/g; one gram EB was expected to contain 7,000 CU of cellulase, 5,000 U of β-glucanase, and 1,000 EPU of xylanase; the 
inclusion rate of both X and EB was 0.01% according to manufacturer’s recommendation.  
9
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Figure 3.1. Effect of xylanase (X) and a carbohydrase enzyme blend (EB) on 
concentration of plasma concentration of cytokines in weaned pigs, pg/mL. (A): 
Interleukin (IL)-1β; (B) Tumor necrosis factor alpha (TNFα). X+EB: diets supplemented 
with both X and EB;  a,bMeans without a common superscript differ (P < 0.05); Data 
were average least square means across 4 collection days (d 0, 7, 14, and 28) and n = 48 
per treatment. Samples above the detection limit of each cytokine were removed, 
including 1) IL-1ß: 2 from the Control, 1 from X, 1 from EB on d 0, 1 from X on d 7, and 
1 from EB on d 28, and 2) TNFα: 3 from the Control, 1 from X, and 1 from EB on d 0, 2 
from the Control on d 7, 1 from the Control on d 14, and 1 from EB on d 28.  
 (A)  (B) 
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Abstract 
This study aimed to evaluate the effects of dietary soluble (SF) and insoluble fiber 
(IF) without or with exogenous carbohydrases (xylanase, β-glucanase, and pectinase) on 
diarrhea incidence, immune response, and growth performance in enterotoxigenic E. coli 
(ETEC) challenged piglets. Sixty weaned piglets (30 barrows and 30 gilts; 6.9 ± 0.1 kg 
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BW) were blocked by initial BW and randomly assigned to 1 of 6 treatments (n = 10 with 
5 barrows and 5 gilts per treatment), including a non-challenged control (NC) and 5 
ETEC challenged groups: a positive control diet (PC), soluble fiber diet without (SF-) or 
with carbohydrases (SF+), and insoluble fiber diet without (IF-) or with carbohydrases 
(IF+). The control was corn and soybean meal-based diet with 13.5% whey powder. 
Sugar beet pulp (10%) and corn distillers dried grains with solubles (15%) were added at 
the expense of cornstarch in control diet as sources of soluble and insoluble fiber, 
respectively. Pigs were housed individually with free access to feed and water. Pigs were 
orally inoculated with a hemolytic F18 ETEC strain or sham infected with phosphate-
buffered saline on d 7 (0 d post inoculation, dpi) post weaning. All ETEC challenged 
pigs were confirmed to be genetically susceptible to F18 ETEC via genotype sequencing. 
Pig BW and feed intake were recorded on dpi -7, 0, and 7 or 8. Fecal swabs were 
collected to evaluate hemolytic E. coli shedding and fecal score was visually ranked daily 
post challenge to evaluate diarrhea incidence. Blood samples were collected on dpi -1, 3, 
and 7 or 8 at necropsy and intestinal tissues were collected at necropsy. Data were 
analyzed according to the randomized complete block design using PROC GLIMMIX of 
SAS 9.4. Treatment, sex, and their interaction were fixed effects. Block was a random 
effect. Pigs on PC had lower (P < 0.05) dpi 1-7 ADG and ADFI than those in NC. 
Compared to PC, SF+ improved (P < 0.05) ADG during both pre- and post-challenge 
period. A tendency (P < 0.10) for greater ADG during dpi 1-7 was observed in IF- than 
PC. Post-challenge diarrhea in IF- was greater and the odds ratio of lower E. coli 
shedding score was reduced compared to PC (P < 0.05). Pigs on SF- had lower (P < 0.05) 
ileal E. coli attachment than those on PC. The SF+ reduced haptoglobin and IF+ reduced 
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C-reactive protein on dpi 3 compared to PC (P < 0.05). Compared to PC, SF+ tended to 
decrease ileal TNFα and increase ileal occludin (OCLN; P < 0.10) and increased (P < 
0.05) colonic OCLN mRNA levels. Collectively, IF- increased the incidence of diarrhea 
and E. coli shedding compared to PC. The SF+ improved growth relative to PC, likely 
due in part to reductions in markers of inflammation. 
 
Introduction 
Post-weaning diarrhea (PWD) associated with enterotoxigenic Escherichia coli 
(ETEC) usually occurs between 4 and 14 d post-weaning and causes economic losses for 
pig producers worldwide. The ETEC can adhere to specific receptors on enterocytes 
through fimbria (e.g., F4 or F18) followed by colonization and secretion of enterotoxins, 
which ultimately lead to secretory diarrhea in piglets (Luppi, 2017). The F4 and F18 are 
the primary ETEC strains that causes diarrhea in weaned pigs (Zhang et al., 2007). With 
the use of antibiotics in animal production being restricted, alternative nutritional 
strategies are needed to control PWD and improve piglet health. Dietary fiber is 
indigestible to pig digestive enzymes but can be degraded by intestinal microbiota. It has 
been widely known that feeding dietary fiber may promote gut health (in terms of 
physiology, mucosal immunity, barrier integrity, microbiota population) through 
microbial fermentation in the hindgut of pigs (Molist et al., 2014; Jha and Berrocoso, 
2015). There has been a growing interest in the inclusion of dietary fiber in pig diets to 
improve gut functions and disease resistance through modulation of intestinal microbiota, 
microbial metabolites, and immune response. However, results regarding the impact of 
dietary fiber on mitigating PWD caused by ETEC have been inconsistent, probably due 
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to variation in the sources, composition, and physiochemical properties of the fibers used 
as well as individual differences in gut microbial populations of the host (Hopwood et al., 
2004; Wellock et al., 2008; Molist et al., 2010).  
Exogenous carbohydrases can degrade dietary fiber and are currently used in 
swine diets to improve growth performance (Tsai et al., 2017; Li et al., 2018). 
Carbohydrases have been shown to break down non-starch polysaccharides in fibrous 
feed ingredients into low molecular weight oligosaccharides or monosaccharides 
(Pedersen et al., 2015). This results in the release of entrapped nutrients and subsequent 
nutrient digestibility improvements (Patience et al., 2017; Zeng et al., 2018) and an 
associated decrease in digesta viscosity (Lærke et al., 2015). A recent study in our lab 
showed that a carbohydrase enzyme blend improved intestinal barrier integrity (Li et al., 
2018). Thus, it is reasonable to hypothesize that adding carbohydrases to fiber containing 
diets could further promote gut health and decrease the occurrence of diarrhea, which 
eventually leads to improved performance. Currently, limited information is available on 
the impact of carbohydrase supplementation on PWD in pigs.  
Therefore, the objectives of this study were to evaluate the effects of dietary 
soluble (SF) and insoluble fiber (IF) without or with exogenous carbohydrases (xylanase, 
β-glucanase, and pectinase) on the incidence of diarrhea, immune response, and growth 
performance in ETEC challenged weaned piglets. It is hypothesized that the inclusion of 
SF or IF would mitigate PWD and the addition of carbohydrases would provide additional 
benefits through fiber degradation.  
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Materials and methods 
All procedures for this experiment adhered to guidelines for the ethical and 
humane care of animals used for research and were approved by the Institutional Animal 
Care and Use Committee at Iowa State University (IACUC #6-16-8306-S and #16-I-
0027-A) prior to the start of this study. 
Animals, diets, and experimental design 
Sixty newly weaned crossbred piglets (6.9 ± 0.1 kg; L337 × Camborough; PIC 
Inc., Hendersonville, TN) were blocked by initial body weight (BW) and randomly 
assigned to 1 of 6 treatments (n = 10 per treatment). The 6 treatments included a non-
challenged negative control (NC) and 5 ETEC challenged groups, consisting of a positive 
control diet (PC), a soluble fiber diet without (SF-) or with carbohydrases (SF+), and an 
insoluble fiber diet without (IF-) or with carbohydrases (IF+). The carbohydrases 
contained 0.01% xylanase (Econase XT; 190,000 BXU/g), 0.001% β-glucanase (Econase 
GT P; 2,320,000 BU/g), and 0.01% pectinase (Pectinase ABE; 560 PE/g), and the 
supplementation rate was based on the manufacturer’s recommendations (AB Vista, 
Plantation, FL). The control diet was based primarily on corn and soybean meal with 
13.5% whey powder, 5% fish meal, and 4% casein. Sugar beet pulp (SBP; 10%) or corn 
distillers dried grains with solubles (DDGS; 15%) were added to the control diet at the 
expense of cornstarch to supply the soluble or insoluble fiber, respectively. Pelleted SBP 
was ground to a similar particle size as DDGS using a 2.5 mm screen to avoid the 
confounding effect of different particle sizes. All diets were formulated to meet or exceed 
NRC (2012) estimates of requirements of weaned pigs and did not contain antibiotics or 
pharmacological levels of copper or zinc (Table 4.1). Pigs had free access to feed 
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presented in mash form and water throughout the experiment. Analyzed nutrient 
composition of SBP, DDGS, and diets are shown in Table 4.2.   
This experiment was conducted in a biosecurity level 2 facility at Iowa State 
University. Challenged pigs were housed in 2 rooms (25 pigs per room; 5 pigs per 
treatment) and non-challenged pigs were housed in a separate room. Strict biosecurity 
procedures were followed to avoid ETEC contamination of the non-challenged pigs. All 
pigs were housed in individual pens with the same floor area. All pigs were given 6 mL 
of freshly grown F18 ETEC inoculum (approximately 3.5 × 109 cfu/mL) or 6 mL of a 
sham inoculum of phosphate-buffered saline (PBS) via oral gavage on d 7 (0 day post 
inoculation, dpi) post weaning.  
A hemolytic F18 ETEC strain expressing heat-labile (LT), heat-stable b (STb), 
and enteroaggregative Escherichia coli heat-stable enterotoxin 1 (EAST1) was recovered 
from the intestine of a nursery pig with enteric colibacillosis and was used to prepare the 
bacterial inoculum. Briefly, a fresh bacterial culture grown (~ 18 h at 37°C) on blood 
agar was used to inoculate two bottles (each having 50 mL) of sterile tryptic soy broth 
(TSB), which were then incubated overnight at 37°C with shaking. The broth cultures 
were then transferred to two new bottles (each containing 450 mL fresh TSB) and 
incubated for an additional 5 h at 37°C with shaking. The bacterial culture was 
centrifuged for 15 min at 3,000 g and the pellet was suspended in sterile PBS. The OD600 
of the culture in PBS was measured to be about 7.0 using a spectrometer, which had 
approximately 3.5 × 109 cfu/mL as determined using viable plate count. 
The sows and piglets used in this experiment were not vaccinated against E. coli 
before this trial. None of the pigs shed hemolytic E. coli on dpi -7. All ETEC challenged 
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pigs were confirmed to be genetically susceptible to F18 ETEC by genotype sequencing 
of the α (1,2) fucosyltransferase-1 (FUT1) gene according to Frydendahl et al. (2003).  
Pig BW and feed intake were recorded on dpi -7, 0, and 7 or 8 at the end of the 
trial to calculate ADG, ADFI, and G:F. Fresh fecal samples were collected by rectal 
swabbing on dpi -7, 0 (immediately before inoculation), 1, 2, 3, 5, and 7 or 8 to evaluate 
hemolytic E. coli shedding. After swabbing feces, the rectal temperature was obtained 
from every pig via rapid-response digital electric thermometers. Fecal score was visually 
ranked daily using the following scale: 1 = solid, 2 = semi-solid, 3 = semi-liquid, and 4 = 
liquid. Fecal score ≥ 3 was considered diarrhea (Liu et al. 2013). Blood samples were 
collected from the jugular vein by venipuncture into 10 mL vacutainer (Becton 
Dickinson, Franklin Lakes, NJ) on dpi -1 (as baseline), 3 (expected peak response), and 7 
or 8 at necropsy (recovery). The blood was centrifuged at 2,000 × g for 10 min at 4°C. 
The resulting sera were aliquoted into 1.5 mL microcentrifuge tubes and stored at −80°C 
for later analysis of acute phase proteins (APP).  
Half of the pigs (5 pigs per treatment) were euthanized on dpi 7 and the other half 
were euthanized on dpi 8 by captive bolt stunning followed by exsanguination. For the 
convenience of result description, dpi 7 was used to indicate necropsy days and the end of 
this trial. Post-euthanasia, the abdomen was opened and the entire gastrointestinal tract 
was removed. The ileum (30 cm from the ileal-cecal junction) and mid-colon tissues were 
collected, rinsed with ice-cold PBS, snap-frozen in liquid N, and stored at -80°C pending 
analysis of gene expression. Three 1-cm pieces of jejunum and ileum were fixed with 
10% neutral buffered formalin for 24 h and then transferred to 75% alcohol for later 
microscopic assessment of E. coli attachment.  
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Chemical analysis 
 Diets and 2 fibrous ingredients were ground to 1 mm and analyzed in duplicate 
for dry matter (method 930.15; AOAC, 2007), nitrogen (method 990.03; AOAC, 2007; 
TruMac; LECO Corp., St. Joseph, MI), and acid-hydrolyzed ether extract (method 
2003.06; AOAC, 2007). The EDTA was used (9.56% N; Leco Corporation) as a standard 
for N calibration and was determined to contain 9.56 ± 0.03% of N. Crude protein was 
calculated as N × 6.25. Gross energy was determined in duplicate using an isoperibolic 
bomb calorimeter (Model 6200; Parr Instrument Co., Moline, IL). Benzoic acid (6,318 
kcal GE/kg) was used as the standard for calibration and was determined to contain 6316 
± 4 kcal GE/kg. Neutral and acid detergent fiber were analyzed in triplicate (Van Soest 
and Robertson, 1979). Soluble and insoluble fiber were analyzed in duplicate (method 
991.43; AOAC, 2007) using an Ankom TDF Fiber Analyzer (Ankom Technology, 
Macedon, NY).  
Fecal hemolytic E. coli shedding  
Fecal swabs were plated onto Remel Blood Agar (TSA with 5% sheep blood) 
followed by incubation at 35°C for 24 h to determine hemolytic E. coli shedding using a 
semi-quantification method according to the growth of E. coli on the plates. The E. coli 
shedding was scored on a 5-point scale from 0 - 4 with 0 representing no growth, 1 
representing hemolytic colonies only in the primary streak, 2 representing compatible 
growth extending into the secondary streak, 3 representing growth into the tertiary streak, 
and 4 representing growth of hemolytic E. coli into the quaternary section of agar plate. 
Identification of isolates as E. coli was confirmed by matrix-assisted laser desorption 
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ionization time-of-flight mass spectrometry (MALDI-TOF MS) at the Iowa State 
University Veterinary Diagnostic Laboratory (ISU VDL).  
E. coli attachment on epithelial cells in the small intestine   
Formalin fixed jejunum and ileum were routinely processed and embedded in 
paraffin wax at the ISU VDL. Three transverse sections (5 μm) were cut from both 
jejunum and ileum, stained with hematoxylin and eosin, and mounted on glass slides. 
Each section was scored as either 0 if there was no attachment or 1 if there was 
attachment of E. coli on epithelial cells. The E. coli attachment frequency (%) on jejunum 
and ileum was calculated by summing up all of the 3 sections on each glass slide and then 
dividing by 3. 
Serum acute phase protein 
Haptoglobin and C-reactive protein (CRP) concentration in the serum were 
analyzed in duplicate using commercially available porcine ELISA kits according to the 
manufacturer’s instructions (Immunology Consultants Laboratory, Inc., Portland, OR).  
RNA isolation and quantitative PCR 
Approximately 50-100 mg of ileal tissue was homogenized in 1 mL of Trizol 
(Invitrogen, Carlsbad, CA) using the Qiagen Tissuelyser II (Germantown, MD, USA). 
Total RNA was then isolated according to the manufacturer's recommendations. 
Concentration and purity of RNA was measured using a spectrophotometer (ND-100; 
NanoDrop Technologies, Inc., Rockland, DE). All samples had 260:280 nm ratios above 
1.8. Isolated RNA (1 μg) was used for cDNA synthesis using the QuantiTect Reverse 
Transcription Kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer's 
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instructions. All complementary DNA (cDNA) samples were diluted 10-fold with 
nuclease free water for qPCR reactions.  
Real-time quantitative PCR was performed in 20-µL reactions using iQ SYBR 
Green Supermix (Bio-Rad Laboratories, Inc., Hercules, CA). Each reaction included 10 
µL of SYBR Green Supermix, 1 µL of each forward and reverse primer (10 µM), 2 µL of 
cDNA and 6 µL of nuclease free water. Gene-specific primer sequences are shown in 
Table 4.3 to evaluate transcription of genes involved in toll-like receptor 4 (TLR4) 
signaling pathways and tight junction proteins. A no-reverse transcriptase control, a water 
control, and a pooled cDNA reference sample was included in each 96-well plate. Each 
sample was performed in triplicate. The PCR cycling conditions included 5-min initial 
denaturation at 95°C followed by 40 PCR cycles (95°C for 30 s, 60°C for 30 s, and 72°C 
for 30 s) and a dissociation curve to confirm amplification of a single PCR product. 
Optical detection was performed at 55°C. Fluorescence of SYBR Green was quantified 
with the iQ5 Real Time PCR Detection System and cycle threshold (CT) value for each 
reaction was obtained by analysis of amplification plots with the iQ5 Optical System 
Software version 2.0 (Bio-Rad Laboratories Inc.). Ribosomal protein - L19 (RPL19) was 
used as an endogenous reference gene. The mRNA abundance for each sample was 
normalized to RPL19 and the pooled sample using the 2ΔΔCTmethod (Livak and 
Schmittgen, 2001).  
Statistical analysis 
Data were analyzed according to the randomized complete block design using 
PROC GLIMMIX of SAS (9.4; SAS Institute Inc., Cary, NC). Two pigs in PC treatment 
were removed due to excessive weight loss (> 1 kg). Probably due to weaning stress, a 
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few pigs had negative G:F values during the pre-challenge period. All G:F < -2 were 
removed from the analysis. Treatment, sex, and their interaction were included in the 
model as fixed effects. Pen was the experimental unit. Block was a random effect.  
Fecal score and E. coli shedding score data were analyzed using a multinomial 
model in PROC GENMOD. The frequency of occurrence of each score was identified in 
the FREQ statement. Diarrhea incidence data were analyzed by a chi-squared test. The 
odds ratio (OR) of each treatment was reported. The E. coli attachment data were 
analyzed using PROC GLIMMIX assuming a binomial distribution. Pre-planned 
contrasts were performed using the ESTIMATE statement to evaluate the effects of the 
ETEC challenge (NC vs. PC) and dietary treatment (SF-, SF+, IF-, or IF+ vs. PC), and to 
compare the effect of fiber sources (SF vs. IF), without or with enzymes, as well as fiber 
by enzyme interactions. Least square means of treatment were reported. Differences were 
considered significant if P ≤ 0.05 and a tendency if 0.05 < P ≤ 0.10. 
Results 
Growth performance 
Pigs on the PC had lower (P < 0.05) post-challenge (dpi 1-7) ADG and ADFI 
than NC, resulting in lower (P < 0.05) final BW and overall ADG (Table 4.4). During the 
pre-challenge period, SF- had no impact on performance parameters compared with PC, 
whereas SF+ improved (P < 0.05) pig BW and ADG, and tended (P < 0.10) to improve 
G:F. Growth performance in pigs fed IF, regardless of exogenous carbohydrases addition, 
was not different from those fed PC during the pre-challenge period, regardless of 
exogenous carbohydrase addition. During the post-challenge period, pigs in SF+, but not 
SF-, had greater (P < 0.05) ADG and a trend (P < 0.10) for greater ADFI than PC. This 
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resulted in improved (P < 0.05) final BW, ADG, and G:F in pigs fed SF+ compared to 
PC during the 14-d trial. The SF- tended (P < 0.10) to increase ADG during dpi 1-7 and 
improved (P < 0.05) overall G:F compared with PC. A tendency (P < 0.10) for greater 
ADG during dpi 1-7 and the overall period, but not ADFI or G:F, was observed in IF- 
compared to PC. Growth performance of pigs on IF+ did not differ from PC during the 
pre- and post-challenge or overall period.  
Diarrhea incidence, fecal score and rectal temperature 
 No mortality was observed throughout the experiment. During the pre-challenge 
period (dpi -7-0), the incidence of diarrhea and the fecal score were not different among 
treatments (Table 4.4; Fig. 4.1A). During the post-challenge period, pigs on PC had a 
greater incidence of diarrhea than NC, but a lower incidence of diarrhea than IF- (P < 
0.01). Meanwhile, PC decreased (P < 0.01) the OR of the lower fecal score compared to 
NC, but increased the OR of the lower fecal score compared to the IF- treatment (Fig. 
4.1B). In addition, the main effect of SF reduced (P < 0.05) the incidence of diarrhea 
compared to IF; enzyme supplementation tended (P < 0.10) to decrease the incidence of 
diarrhea compared to the higher fiber diets without enzymes. There were no differences 
in rectal temperature among dietary treatments during the pre- or the post-challenge 
period (data not shown).  
E. coli shedding score 
 Pigs on NC had no hemolytic E. coli shedding and thus greater (P < 0.01) OR of 
lower hemolytic E. coli shedding score compared to PC (Fig. 4.2A). Pigs fed SF, 
regardless of enzyme addition, did not differ from PC in their post-challenge E. coli 
shedding score. The IF- reduced (P < 0.01) and IF+ tended (P < 0.10) to reduce the OR 
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of lower E. coli shedding score compared to PC. Pigs fed the SF diets had greater OR of 
lower hemolytic E. coli shedding score than IF diets (P < 0.01). No hemolytic E. coli 
shedding was detected in NC during dpi 1-7 before the ETEC challenge (Fig. 4.2B).  
E. coli attachment on epithelial cells  
No differences were observed for E. coli attachment on jejunal epithelium among 
treatments (data not shown). Pigs on NC had no E. coli attachment in the ileum (Fig. 4.3). 
Compared to PC, SF- decreased (P < 0.05) E. coli attachment in the ileum. No 
differences were observed between PC and IF, regardless of carbohydrase addition. 
Serum acute phase proteins 
There were no differences in serum haptoglobin or CRP between PC and NC on 
any collection day (Table 4.5). Serum haptoglobin concentration was similar among 
treatments before challenge. There was a fiber × enzyme interaction for CRP on dpi -1, 
such that enzyme addition decreased (P < 0.01) CRP concentration in IF diets, but not in 
SF diets. On dpi 3, enzyme supplementation decreased (P < 0.05) haptoglobin 
concentration, regardless of fiber source. Serum haptoglobin on dpi 3 was lower (P < 
0.05) in SF+, but not SF-, than in PC. The IF+ tended (P < 0.10) to decrease haptoglobin 
on dpi 7 and decreased (P < 0.05) CRP concentration on dpi 3 compared to PC. No diet 
effects were observed for CRP on dpi 7. 
Ileal and colonic gene transcription 
Pigs on NC had lower mRNA abundance for interleukin (IL)-8, toll-like receptor 
4 (TLR4), cluster of differentiation 14 (CD14), and greater mRNA abundance of claudin-
1 (CLDN1) than PC in the ileum (P < 0.05; Table 4.6). The ileal mRNA levels of tumor 
necrosis factor alpha (TNFα), IL-1B, IL-6, IL-10, CLDN3, occludin (OCLN), zonula 
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occludens (ZO-1), myeloid differentiation factor 88 (MyD88), and cystic fibrosis 
transmembrane conductance regulator (CFTR) did not differ between NC and PC. The 
SF- tended (P < 0.10) to decrease IL-10 and increased (P < 0.05) CLDN1 compared to 
PC in the ileum. A trend (P < 0.10) for lower TNFα and greater OCLN mRNA abundance 
in the ileum was observed in SF+ than PC. The IF+ tended (P = 0.052) to decrease TLR4 
and decreased (P < 0.05) CD14 mRNA levels compared to PC in the ileum. In the colon, 
greater (P < 0.05) mRNA abundance of ZO-1 was observed in NC than in PC (Table 4.7). 
Pigs fed SF+ tended (P = 0.051) to have a greater ZO-1 and had greater (P < 0.05) 
mRNA abundance of OCLN than pigs in PC. The IF- had no impact on mRNA levels of 
any genes in the ileum and colon. The main effect of SF increased (P < 0.05) mRNA 
abundance of CLDN1 in the ileum and OCLN and ZO-1 in the colon compared to IF. A 
fiber × enzyme interaction was observed for colonic IL-10 mRNA abundance; IF- 
increased (P < 0.05) IL-10 mRNA compared to SF-, but IF+ did not differ from SF+.   
Discussion 
Enterotoxigenic E. coli induced PWD impairs growth performance of piglets due 
to decreased feed intake, intestinal villus atrophy, and an elevated inflammatory response. 
Previous research evaluating the impact of dietary fiber (different solubility, viscosity, 
fermentability) in ETEC-challenged pigs have reported inconsistent results (Hopwood et 
al., 2004; Wellock et al., 2008; Molist et al., 2010). This study evaluated the effect of two 
fibrous ingredients (DDGS and SBP) that are commonly available in North American 
swine diets, without or with carbohydrases in pigs challenged with F18 ETEC.  
Post inoculation, pigs on PC presented an increased incidence of diarrhea, 
shedding of hemolytic E. coli, and adhesion of E. coli on ileal enterocytes compared to 
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pigs on NC, confirming that the challenge model was successful. As expected, the ETEC 
challenge decreased pig BW and ADG during dpi 1-7 and the overall period, in 
agreement with previous research (Song et al., 2012; Liu et al., 2013). This is partly due 
to the reduction in ADFI and increased diarrhea post challenge. Compared with PC, SF- 
tended to increase ADG during dpi 1-7, while SF+ tended to improve ADFI and 
significantly improved ADG during both dpi 1-7 and the overall experimental period. 
This indicates that the inclusion of SF alleviated the growth depression caused by ETEC 
infection and the addition of exogenous carbohydrases further mitigated the negative 
effects of ETEC infection on growth. In agreement with this study, the inclusion of 
carbohydrase enzymes in poultry diets containing 7.5% SBP improved ADG and ADFI 
compared to diets without enzymes (Abdel-Hafeez et al., 2018). Note that the improved 
ADG in SF may be partially attributed to the increases in mass of gut tissues and contents 
(Pastuszewska et al., 2000; Bird et al., 2007). Taken together, it is reasonable to assume 
that the addition of a blend of carbohydrase enzymes degraded the fiber components 
(mainly pectin) in the SBP diet into lower molecular weight oligosaccharides or 
monosaccharides. This in turn would release the cell wall entrapped nutrients (starch and 
protein) for digestion and absorption in the small intestine, which will be used by the pig 
with greater efficiency than if fermented in the hindgut (Patience, 2017). Furthermore, 
the released oligosaccharides may enhance gut barrier function and reduce intestinal 
immune activation (Chen et al., 2012).  
Soluble fiber, irrespective of enzyme addition, did not reduce the incidence of 
diarrhea and the shedding of hemolytic E. coli compared to PC. Soluble fiber in nursery 
diets has previously been reported to increase digesta viscosity and stimulate ETEC 
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proliferation in the intestine, thereby exacebating PWD (Hopwood et al., 2004; Montagne 
et al., 2004). However, Van Nevel et al. (2006) reported no increase in digesta viscosity 
by feeding 12% SBP in nursery diets. Because digesta viscosity was not measured, it 
remains unknown whether the 10% SBP used in this study resulted in increased viscosity 
compared to the control diet and whether the extent of increase would be able to cause 
any negative effects in those pigs. Despite the fact that the exact mechanisms of action of 
dietary fiber are not yet known, the inclusion of SBP in weaned pig diets was reported to 
increase Lactobacillus count (Thomson et al., 2012; Yan et al., 2017). Because 
Lactobacillus has been shown to inhibit ETEC adhesion to the epithelium (Roselli et al., 
2007), the decreased attachment of E. coli on ileal epithelium by SF- observed in this 
study seems associated with potential Lactobacillus proliferation. It would also be 
possible that some soluble fibrous fractions in SBP directly bind to intestinal ETEC 
(González-Ortiz et al., 2014), leading to the decreased E. coli attachment in SF-. 
In contrast, the inclusion of IF, regardless of enzyme addition, increased 
hemolytic E. coli shedding compared to PC, suggesting increased pathogenic E. coli 
proliferation in the intestine. Furthermore, IF- increased the fecal score and the incidence 
of diarrhea compared with PC, in contradition to results reported by Mateos et al. (2006) 
and Molist et al. (2010). This indicates the sources and physiochemical properties, in 
addition to solubility, of dietary fiber affect piglets’ response to bacterial infection 
(Molist et al., 2014). Moreover, Wilberts et al. (2014) reported the inclusion of 30% 
DDGS increased the onset of clinical indicators of swine dysentery after Brachyspira 
hyodysenteriae inoculation. The exact reason for increased diarrhea and E. coli shedding 
in IF- remains unclear. One potential contributing factor for the diarrhea could be the 
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increase in the crude protein content of the IF diet by 4.2% compared to the control diet 
(Kim et al., 2011; Opapeju et al., 2015 ). Additionally, feeding 30% DDGS has been 
shown to significantly decrease the relative abundance of Lactobacillus spp. in the 
colonic microbiota of pigs relative to pigs fed a standard corn-soy diet (Burrough et al., 
2015). Such a reduction in lactobacilli may lead to increased E. coli shedding as 
Lactobacillus can limit ETEC adhesion (Roselli et al., 2007). 
Besides causing diarrhea, ETEC infection is also know to increase gut 
permeability through disruption of the TJ structure (reduction of occludin expression, 
delocalization of ZO-1, and dissociation of occludin from intercellular junctions; Berkes 
et al., 2003). The decreased ileal CLDN1 and colonic ZO-1 mRNA abundance following 
an ETEC challenge observed herein agrees with previous findings (Gao et al., 2013). 
Tight junctions play a critical role in maintaing intestinal epithelial barrier integrity, 
which prevents bacteria and bacterial products (e.g. endotoxin) translocation across the 
intestinal tissues and the subsequent activation of an immune response (Roselli et al., 
2007). The greater mRNA abundance of OCLN and ZO-1 in pigs fed SF+ compared with 
the PC suggests improved gut barrier integrity, which in turn can reduce luminal 
pathogenic bacteria translocation and result in decreased markers of inflammation (ileal 
TNFα and serum haptoglobin; Cutler et al., 2007). The greater transcription of tight 
junction protein genes in pigs fed SF compared with IF may be the result of enhanced 
microbial fermentation and increased production of microbial fermentation products, 
especially acetate and butyrate (Schiavon et al., 2004); this has been demonstrated to 
promote intestinal epithelial barrier integrity and regulate the inflammatory response 
(Wang et al., 2018).  
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Acute phase proteins are liver-derived proteins and their concentrations in the 
blood are known to be induced by proinflammatory cytokines (e.g. TNF-α, IL-1β, and IL-
6) after an immune challenge (Carroll et al., 2004; Jain et al., 2011). Elevated serum APP 
concentrations after an ETEC infection was previously reported (Houdijk et al., 2007; Liu 
et al., 2013). In contrast, the ETEC challenge in PC did not increase haptoglobin or CRP 
on dpi 3 and 7 compared to NC, suggesting a lack of systemic inflammation. The 
discrepancy in inflammatory response to an ETEC challenge is associated with the 
severity of the infection and the strain or dose of the inoculum (Pavlova et al., 2008; 
Zhou et al., 2012; Liu et al., 2013). Another explanation might be that collecting blood on 
dpi 3 may have already missed the peak response because maximum serum APP 
concentration is typically reached within 24 to 48 h after the inflammation (Jain et al., 
2011). Nevertheless, pigs on SF+ had lower haptoglobin and IF+ had lower CRP than PC 
on dpi 3, which may indicate the addition of enzymes in fiber diets reduced systemic 
inflammation activation of pigs challenged with ETEC (Kiarie et al., 2009). This in turn 
potentially diverts more nutrients and energy towards growth production (Huntley et al., 
2018; Li et al., 2018). 
  An experimental ETEC challenge induces not only systemic, but also a local 
inflammatory response (Liu et al., 2013). In addition to recognition by antigen presenting 
cells (M cells or dendritic cells) in the lamina propria, luminal bacteria can also be taken 
up by enterocytes, causing increased release of pro-inflammatory cytokines (Snoeck et al., 
2005). Previous research reported that ETEC infection up-regulated the expression of 
genes related to immune activation (Liu et al., 2014). The ETEC challenge increased 
TLR4 and CD14 mRNA, indicating that the activation of an immune response is 
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associated with recognition of LPS, an endotoxin produced by Gram-negative bacteria 
and a potent activator of an innate immune response (Alexander and Rietschel, 2001). 
This may explain the up-regulation of mRNA levels for IL-8 in the ETEC challenged 
control compared to the NC (Yokoyama et al., 2006), which was also shown by other 
authors after an ETEC infection (Roselli et al., 2007; Liu et al., 2014). Increased 
production of IL-8 has been reported to be associated with pathogen-induced disruption 
of the epitheilial barrier (Otte and Podolsky, 2004; Roselli et al., 2007). The decrease in 
mRNA levels for CLDN1 and ZO-1 on the PC compared to the NC agrees with this 
notion. Despite the observation that SF- enhanced CLDN1 and SF+ increased OCLN and 
ZO-1 compared to PC, no significant differences were observed in mRNA levels of 
proinflammatory cytokines except for TNFα (tended to be decreased by SF+). One 
possible explanation would be that the inclusion of dietary fiber accelerated the rate of 
recovery of pigs from an ETEC infection, thus resulting in no differences in cytokine 
expression levels when tissues were collected at the end of the trial (Correa-Matos et al., 
2003).   
In conclusion, the F18 ETEC challenge resulted in colonization of hemolytic E. 
coli as evidence by fecal shedding and adhesion of E. coli on ileal epithelial cells, which 
consequently increased the incidence of diarrhea and caused decreases in ADFI and ADG 
during dpi 1-7. Compared to PC, SF+ improved ADG during both the pre- and post-
challenge period. This may be partly due to increased ADFI, markers of gut barrier 
integrity (OCLN and ZO-1 mRNA) and reduced markers of inflammation (TNFα mRNA 
and serum haptoglobin). The SF- tended to improve ADG during dpi 1-7, which is likely 
associated with decreased ileal E. coli attachment and increased ileal CLDN1 mRNA 
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levels, compared to PC. Pigs on IF- had a greater incidence of diarrhea and E. coli 
shedding than pigs on PC without negatively affecting growth performance. Collectively, 
inclusion of SBP, a soluble and highly fermentable fiber combined with a carbohydrase 
complex may be used to improve growth performance in pigs under moderate F18 ETEC 
challenge. The use of corn DDGS, an insoluble and less fermentable fiber should be 
avoided in nursery pig diets if they are at risk of PWD. Future studies are warranted to 
explore the exact mechanisms whereby carbohydrase supplementation in SBP containing 
diets improved growth of weaned pigs.  
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Table 4.1. Ingredient composition of the experimental diets (as-fed basis, %) 
Item 
Diets1 
Control SF IF 
Corn 41.79 42.11 42.40 
Cornstarch 15.00 5.00 - 
Soybean meal, 46.5% CP  15.00 15.00 15.00 
DDGS2 - - 15.00 
Sugar beet pulp - 10.00 - 
Fish meal, menhaden select 5.00 5.00 5.00 
Whey powder, > 61% lactose  13.50 13.50 13.50 
Casein 4.00 4.00 4.00 
Soybean oil 2.50 2.50 2.50 
Monocalcium phosphate 0.56 0.56 0.20 
Limestone 0.95 0.73 1.10 
Sodium chloride 0.25 0.25 0.25 
L-Lys HCl 0.50 0.46 0.42 
DL-Met 0.23 0.22 0.11 
L-Thr 0.20 0.18 0.09 
L-Trp 0.05 0.04 0.03 
L-Val 0.07 0.05 - 
Vitamin premix3 0.25 0.25 0.25 
Trace mineral premix4 0.15 0.15 0.15 
Calculated nutrient levels, % 
   
ME, Mcal/kg 3.53 3.43 3.42 
NE, Mcal/kg 2.68 2.53 2.50 
Crude protein 19.96 20.71 23.67 
Ether extract 4.67 4.77 5.22 
Neutral detergent fiber 5.04 9.56 10.16 
Acid detergent fiber 2.00 4.35 4.55 
Total dietary fiber 8.24 14.99 13.03 
Starch 40.07 31.17 28.30 
Calcium 0.80 0.80 0.80 
Total P 0.60 0.61 0.64 
STTD P 0.43 0.43 0.43 
SID Lys 1.44 1.44 1.44 
SID Met + Cys 0.79 0.79 0.79 
SID Thr 0.85 0.85 0.85 
SID Trp 0.26 0.26 0.26 
1SF: soluble fiber diets without or with carbohydrases; IF: insoluble fiber diets without or 
with carbohydrases; the carbohydrases contained 0.01% xylanase (Econase XT; 190,000 
BXU/g), 0.001% β-glucanase (Econase GT P; 2,320,000 BU/g), and 0.01% pectinase 
(Pectinase ABE; 560 PE/g), and the supplementation rate was based on the 
manufacturer’s recommendations (AB Vista, Plantation, FL). 
2Distillers dried grains with solubles (DDGS) 
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3Provided per kg of diet: 7,656 IU vitamin A, 875 IU vitamin D, 63 IU vitamin E, 4 mg 
vitamin K, 70 mg niacin, 34 mg pantothenic acid, 14 mg riboflavin, and 0.06 mg vitamin 
B12 
4Provided per kg of diet: 165 mg Zn (zinc sulfate), 165 mg Fe (iron sulfate), 39 mg Mn 
(manganese sulfate), 17 mg Cu (copper sulfate), 0.3 mg I (calcium iodate), and 0.3 mg Se 
(sodium selenite) 
 
 
Table 4.2. Analyzed nutrient composition of fibrous ingredients and experimental diets 
(as-fed basis, %) 
Item1 
Ingredient2  Diets3 
Beet pulp DDGS  Control SF- SF+ IF- IF+ 
Dry matter 92.78 89.57  89.77 90.05 90.06 89.98 89.63 
GE, Mcal/kg 3.82 4.48  4.02 4.05 4.06 4.17 4.17 
Crude protein 9.41 28.09  18.40 19.38 19.74 23.21 22.32 
aEE 1.94 7.04  5.00 5.33 5.57 6.61 6.25 
NDF 35.70 28.67  4.83 8.52 8.32 9.54 9.67 
ADF 22.14 7.85  1.48 3.44 3.22 2.65 2.51 
Hemicellulose 13.56 20.83  3.34 5.08 5.10 6.88 7.16 
SDF 17.10 1.70  0.70 2.10 1.90 1.00 1.20 
IDF 43.80 31.10  8.60 11.60 11.20 11.30 11.40 
TDF 60.90 32.80  9.30 13.70 13.10 12.30 12.60 
1GE: gross energy; aEE: acid ether extract; NDF: neutral detergent fiber; ADF: acid 
detergent fiber; SDF: soluble dietary fiber; IDF: insoluble dietary fiber; TDF: total 
dietary fiber 
2Distillers dried grains with solubles 
3SF-: soluble fiber diet without carbohydrases; SF+: soluble fiber diet with 
carbohydrases; IF-: insoluble fiber diet without carbohydrases; IF+: insoluble fiber diet 
with carbohydrases; the carbohydrases contained 0.01% xylanase (Econase XT; 190,000 
BXU/g), 0.001% β-glucanase (Econase GT P; 2,320,000 BU/g), and 0.01% pectinase 
(Pectinase ABE; 560 PE/g), and the supplementation rate was based on the 
manufacturer’s recommendations (AB Vista, Plantation, FL). 
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Table 4.3. Primer sequences used for quantitative PCR  
Gene1 Primer sequence 
Product 
size, bp 
GenBank accession 
TNFα F: CACCACGCTCTTCTGCCTAC 132 X57321 
 
R: ACGGGCTTATCTGAGGTTTGAGACG  
 
IL-1B F: TGGCCCACACATGCTGAA 84 NM_214055 
 
R: CCTTGCACAAAGCTCATGCA  
 
IL-6 F: GGCTGTGCAGATTAGTACC 124 AF518322  
 
R: CTGTGACTGCAGCTTATCC   
 
IL-8 F: AGGACCAGAGCCAGGAA 172 NM_213867 
 
R: GTGGAATGCGTATTTATGC  
 
IL-10 F: TGGGTTGCCAAGCCTTGT 61 L20001  
 
R: GCCTTCGGCATTACGTCTTC  
 
CLDN1 F: GATTTACTCCTACGCTGGTGAC 199 AJ318102 
 
R: CACAAAGATGGCTATTAGTCCC  
 
CLDN3 F: TTGCATCCGAGACCAGTCC 85 NM_001160075 
 R: AGCTGGGGAGGGTGACA   
OCLN F: AACTCCCGTCAGCAGATCC 95 NM_001163647 
 R: ATCAGTGGAAGTTCCTGAACCA   
ZO-1 F: CTCTTGGCTTGCTATTCG 197 XM_003353439 
 
R: AGTCTTCCCTGCTCTTGC  
 
TLR4 F: CAGATAAGCGAGGCCGTCATT  113 AB232527  
 
R: TTGCAGCCCACAAAAAGCA  
 
CD14 F: CCTCAGACTCCGTAATGTG  180 AB267810  
 
R: CCGGGATTGTCAGATAGG  
 
MyD88 F: GCTGGAACAGACCAACTAT  153 NM_001099923.1 
 
R: TCCTTGCTTTGCAGGTAAT  
 
CFTR F: ACTATGGACCCTTCGAGCCT 123 NM_001104950 
 
R: CGCATTTGGAACCAGCGTAG  
 
RPL19 F: AACTCCCGTCAGCAGATCC 147 AF435591  
  R: AGTACCCTTCCGCTTACCG  
 
1TNFα: tumor necrosis factor alpha; IL: interleukin; CLDN1: claudin-1; CLDN3: 
claudin-3; OCLN: occludin; ZO-1: zonula occludens-1; TLR4: toll-like receptor 4; CD14: 
cluster of differentiation 14; MyD88: myeloid differentiation primary response 88; CFTR: 
cystic fibrosis transmembrane conductance regulator; RPL19: ribosomal protein-L19 
  
Table 4.4. Effect of soluble or insoluble fiber without or with carbohydrases on growth performance and diarrhea incidence in weaned 
pigs challenged with F18 ETEC1 
Item 
Treatment2 
SEM 
Contrast P-value3 
NC PC 
 SF  IF 
 SF- SF+  IF- IF+ Fiber Enzyme F × E 
Pig no.4 10 8  10 10  10 10     
BW, kg             
dpi -7 6.86 6.84  7.03 6.89  6.93 6.84 0.25 0.416 0.220 0.812 
dpi 0 7.87 7.36  8.07 8.40*  8.22# 7.52 0.40 0.201 0.520 0.078 
dpi 7 9.90* 8.57  9.82# 10.34*  9.93* 9.17 0.58 0.211 0.777 0.136 
dpi -7 to 0             
ADG, kg 0.14 0.09  0.15 0.22*  0.18 0.10 0.04 0.305 0.833 0.063 
ADFI, kg 0.24 0.17  0.18 0.24  0.21 0.16 0.03 0.404 0.974 0.076 
G:F5 0.78 0.60  0.87 0.91#  0.86 0.66 0.10 0.210 0.435 0.245 
dpi 1 to 7             
ADG, kg 0.29* 0.17  0.25# 0.28*  0.24# 0.24 0.03 0.397 0.731 0.527 
ADFI, kg 0.45* 0.31  0.39 0.43#  0.37 0.36 0.04 0.294 0.806 0.590 
G:F 0.69 0.55  0.53 0.64  0.62 0.69 0.08 0.341 0.196 0.775 
Overall             
ADG, kg 0.22* 0.13  0.20 0.25*  0.22# 0.17 0.03 0.266 0.986 0.107 
ADFI, kg 0.31# 0.23  0.27 0.32#  0.28 0.24 0.03 0.294 0.843 0.208 
G:F 0.62 0.51  0.76* 0.76*  0.65 0.65 0.08 0.179 0.981 0.950 
Diarrhea, %6             
dpi -7 to 0 0 0  5.71 2.86  5.71 1.43 - 0.622 0.133 0.622 
dpi 1to 7 7.14* 40.00  31.43 27.14  57.14* 40.00 - <0.001 0.075 0.337 
*Indicates significant difference compared to PC (P ≤ 0.05) 
#Indicates tendency for difference compared to PC (0.05 < P ≤ 0.10) 
1
2
9
 
  
1n = 10 pigs per treatment except for PC with 8 pigs 
2SF: soluble fiber diets without or with carbohydrases; IF: insoluble fiber diets without or with carbohydrases; SF-: soluble fiber diet 
without carbohydrases; SF+: soluble fiber diet with carbohydrases; IF-: insoluble fiber diet without carbohydrases; IF+: insoluble fiber 
diet with carbohydrases; the carbohydrases contained 0.01% xylanase (Econase XT; 190,000 BXU/g), 0.001% β-glucanase (Econase 
GT P; 2,320,000 BU/g), and 0.01% pectinase (Pectinase ABE; 560 PE/g), and the supplementation rate was based on the 
manufacturer’s recommendations (AB Vista, Plantation, FL). 
3Fiber: dietary fiber type effect (SF vs. IF); Enzyme: carbohydrases effect (without vs. with); F × E: fiber type by carbohydrases 
interaction effect 
4Two pigs in PC were removed from statistical analysis, because they had very low appetite (average 0.01 kg during 14-d trial) and 
lost 1 kg BW during the 14-d trial  
5Gain:feed ratio. Interpretation of G:F should be cautious, because values less than -2 were removed from analysis (8 numbers pre-
challenge from all treatments except SF+ and one in SF- during overall period). Additionally, one pig in NC had a G:F = -0.14 and 11 
pigs had G:F > 1 from all treatments except SF+ during dpi -7 to 0 were included in the analysis; during dpi 1-7, one pig in SF- had 
G:F = -0.51 and during overall period, one pig in NC had a G:F = -0.24 and one pig in IF- had a G:F = -0.53 were included in the 
analysis 
6Diarrhea incidence (%) = (total number of pigs with diarrhea score ≥ 3) / (total number of pigs) × 100; statistical analysis was 
conducted by a chi-squared test 
1
3
0
 
  
Table 4.5. Effect of soluble or insoluble fiber without or with carbohydrases on serum haptoglobin and C-reactive protein (CRP) in 
weaned pigs challenged with F18 ETEC1 
Item 
Treatment2 
SEM 
Contrast P-value3 
NC PC 
 SF  IF 
 SF- SF+  IF- IF+ Fiber Enzyme F × E 
Haptoglobin, mg/mL             
dpi -1 1.81 1.74  1.35 1.74  1.35 1.86 0.53 0.712 0.259 0.953 
dpi 3 0.52 0.65  0.29 0.44*  0.52 0.29 0.21 0.035 0.042 0.287 
dpi 7 0.58 0.86  0.57 0.40  0.83 0.41# 0.36 0.344 0.565 0.948 
CRP, μg/mL             
dpi -1 304 382  328 379  485 190 116 0.579 0.136 0.012 
dpi 3 200 423  346 353  333 189* 160 0.358 0.681 0.217 
dpi 7 184 149  153 150  385 122 183 0.947 0.246 0.184 
*Indicates significant difference compared to PC (P ≤ 0.05) 
#Indicates tendency for difference compared to PC (0.05 < P ≤ 0.10) 
1n = 10 pigs per treatment except for PC with 8 pigs; P (day) < 0.05 and P (day × trt) > 0.10 for haptoglobin and CRP; least square 
means and pooled SEM were from data before log transformation  
2SF: soluble fiber diets without or with carbohydrases; IF: insoluble fiber diets without or with carbohydrases; SF-: soluble fiber diet 
without carbohydrases; SF+: soluble fiber diet with carbohydrases; IF-: insoluble fiber diet without carbohydrases; IF+: insoluble fiber 
diet with carbohydrases; the carbohydrases contained 0.01% xylanase (Econase XT; 190,000 BXU/g), 0.001% β-glucanase (Econase 
GT P; 2,320,000 BU/g), and 0.01% pectinase (Pectinase ABE; 560 PE/g), and the supplementation rate was based on the 
manufacturer’s recommendations (AB Vista, Plantation, FL). 
3Fiber: dietary fiber type effect (SF vs. IF); Enzyme: carbohydrases effect (without vs. with); F × E: fiber type by carbohydrases 
interaction effect 
1
3
1
 
  
Table 4.6. Effect of soluble or insoluble fiber without or with carbohydrases on ileal gene mRNA abundance in weaned pigs 
challenged with F18 ETEC1 
Gene2 
Treatment3 
SEM 
Contrast P-value4 
NC PC 
 SF  IF 
 SF- SF+  IF- IF+ Fiber Enzyme F × E 
TNFα 1.56 1.66  1.48 1.17
#  1.45 1.46 0.25 0.357 0.420 0.328 
IL-1B 1.38 1.48  3.07 1.95  1.52 1.80 0.95 0.281 0.527 0.863 
IL-6 1.05 1.19  1.34 1.04  1.09 1.13 0.22 0.563 0.683 0.300 
IL-8 0.59* 1.40  1.27 1.50  1.50 1.59 0.56 0.588 0.270 0.804 
IL-10 0.47 0.86  0.45
# 0.53  0.61 0.47 0.21 0.581 0.934 0.868 
CLDN1 2.32* 0.96  3.11
* 1.14  1.22 0.77 0.93 0.026 0.086 0.757 
CLDN3 0.98 1.64  1.62 1.88  1.86 1.56 0.51 0.533 0.635 0.840 
OCLN 0.76 0.78  1.56 2.11
#  1.79 1.17 0.53 0.219 0.481 0.787 
ZO-1 1.76 1.32  1.47 1.41  1.45 1.21 0.27 0.423 0.497 0.466 
TLR4 1.35* 1.68  1.62 1.42  1.49 1.38
# 0.18 0.471 0.314 0.934 
CD14 1.00* 1.32  1.22 1.22  1.13 1.01
* 0.18 0.252 0.925 0.441 
MyD88 1.14 1.02  1.03 1.26  1.37 1.16 0.26 0.584 0.978 0.248 
CFTR 1.51 1.69  1.76 2.25  1.99 1.44 0.58 0.288 0.669 0.595 
*Indicates significant difference compared to PC (P ≤ 0.05); #Indicates tendency for difference compared to PC (0.05 < P ≤ 0.10) 
1n = 10 pigs per treatment except for PC with 8 pigs; least square means of fold change were reported 
2TNFα: tumor necrosis factor alpha; IL: interleukin; CLDN1: claudin-1; CLDN3: claudin-3; OCLN: occludin; ZO-1: zonula 
occludens-1; TLR4: toll-like receptor 4; CD14: cluster of differentiation 14; MyD88: myeloid differentiation primary response 88; 
CFTR: cystic fibrosis transmembrane conductance regulator 
3SF: soluble fiber diets without or with carbohydrases; IF: insoluble fiber diets without or with carbohydrases; SF-: soluble fiber diet 
without carbohydrases; SF+: soluble fiber diet with carbohydrases; IF-: insoluble fiber diet without carbohydrases; IF+: insoluble fiber 
diet with carbohydrases 
4Fiber: dietary fiber type effect (SF vs. IF); Enzyme: carbohydrases effect (without vs. with); F × E: fiber type by carbohydrases 
interaction effect 
1
3
2
 
  
Table 4.7. Effect of soluble or insoluble fiber without or with carbohydrases on colonic gene mRNA abundance in weaned pigs 
challenged with F18 ETEC1 
Gene2 
Treatment3 
SEM 
Contrast P-value4 
NC PC 
 SF  IF 
 SF- SF+  IF- IF+ Fiber Enzyme F × E 
TNFα 1.30 1.30  1.15 1.38  1.35 1.28 0.23 0.711 0.367 0.323 
IL-1B 1.00 1.09  0.74 0.96  1.17 1.19 0.36 0.462 0.406 0.993 
IL-6 1.97 1.53  1.16 2.50  1.41 1.10 0.89 0.495 0.481 0.505 
IL-8 1.49 0.90  1.07 1.40  1.04 1.43 0.32 0.724 0.167 0.978 
IL-10 1.21 1.36  1.05 1.59  2.04 1.31 0.34 0.237 0.797 0.038 
CLDN1 1.19 1.49  2.10 0.92  0.90 0.66 1.00 0.487 0.567 0.436 
CLDN3 1.23 1.53  2.30 2.10  1.90 1.78 0.46 0.480 0.818 0.617 
OCLN 1.16 0.92  1.18 1.29
*  0.88 0.93 0.18 0.011 0.385 0.615 
ZO-1 1.18* 0.87  0.93 1.13
#    0.81 0.87 0.11 0.024 0.172 0.525 
*Indicates significant difference compared to PC (P ≤ 0.05) 
#Indicates tendency for significant difference compared to PC (0.05 < P ≤ 0.10) 
1n = 10 pigs per treatment except for PC with 8 pigs; least square means of fold change were reported 
2TNFα: tumor necrosis factor alpha; IL: interleukin; CLDN1: claudin-1; CLDN3: claudin-3; OCLN: occludin; ZO-1: zonula 
occludens-1.  
3SF: soluble fiber diets without or with carbohydrases; IF: insoluble fiber diets without or with carbohydrases; SF-: soluble fiber diet 
without carbohydrases; SF+: soluble fiber diet with carbohydrases; IF-: insoluble fiber diet without carbohydrases; IF+: insoluble fiber 
diet with carbohydrases; the carbohydrases contained 0.01% xylanase (Econase XT; 190,000 BXU/g), 0.001% β-glucanase (Econase 
GT P; 2,320,000 BU/g), and 0.01% pectinase (Pectinase ABE; 560 PE/g), and the supplementation rate was based on the 
manufacturer’s recommendations (AB Vista, Plantation, FL). 
4Fiber: dietary fiber type effect (SF vs. IF); Enzyme: carbohydrases effect (without vs. with); F × E: fiber type by carbohydrases 
interaction effect 
1
3
3
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Figure 4.1. Effects of soluble or insoluble fiber without or with carbohydrases on the 
fecal score of pigs challenged with ETEC. A) Pre-challenge log (odds ratio) of fecal 
score; B) Post-challenge log (odds ratio) of fecal score. NC: non-challenge control; PC: 
positive challenge control; SF-: soluble fiber without carbohydrases; SF+: soluble fiber 
with carbohydrases; IF-: insoluble fiber without carbohydrases; IF+: insoluble fiber with 
carbohydrases. The carbohydrases the carbohydrases contained 0.01% xylanase 
(Econase XT; 190,000 BXU/g), 0.001% β-glucanase (Econase GT P; 2,320,000 BU/g), 
and 0.01% pectinase (Pectinase ABE; 560 PE/g), and the supplementation rate was 
based on the manufacturer’s recommendations (AB Vista, Plantation, FL). P (IF vs. SF) 
< 0.001, P (Enzyme) = 0.013, P (fiber × enzyme) > 0.10; *Indicates significant 
difference between NC vs. PC and IF- vs. PC (P < 0.05). 
* 
* 
B A 
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Figure 4.2. Effects of soluble or insoluble fiber without or with carbohydrases on 
hemolytic E. coli shedding score of pigs challenged with ETEC. A) Post-challenge log 
(odds ratio) of E. coli shedding score; B) Post-challenge cumulative E. coli shedding 
score. NC: non-challenge control; PC: positive challenge control; SF-: soluble fiber 
without carbohydrases; SF+: soluble fiber with carbohydrases; IF-: insoluble fiber 
without carbohydrases; IF+: insoluble fiber with carbohydrases. The carbohydrases 
contained 0.01% xylanase (Econase XT; 190,000 BXU/g), 0.001% β-glucanase 
(Econase GT P; 2,320,000 BU/g), and 0.01% pectinase (Pectinase ABE; 560 PE/g), and 
the supplementation rate was based on the manufacturer’s recommendations (AB Vista, 
Plantation, FL). P (IF vs. SF) < 0.01, P (Enzyme) > 0.10, P (fiber × enzyme) > 0.10. 
*Indicates significant difference between NC vs. PC and IF- vs. PC (P < 0.01). 
#Indicates trends between IF+ vs. PC (P < 0.10). 
* 
* 
# 
A B 
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Figure 4.3. Effects of soluble or insoluble fiber diet without or with carbohydrases on 
ileal E. coli attachment of pigs challenged with ETEC. NC: non-challenge control; PC: 
positive challenge control; SF-: soluble fiber without carbohydrases; SF+: soluble fiber 
with carbohydrases; IF-: insoluble fiber without carbohydrases; IF+: insoluble fiber with 
carbohydrases. The carbohydrases contained 0.01% xylanase (Econase XT; 190,000 
BXU/g), 0.001% β-glucanase (Econase GT P; 2,320,000 BU/g), and 0.01% pectinase 
(Pectinase ABE; 560 PE/g), and the supplementation rate was based on the 
manufacturer’s recommendations (AB Vista, Plantation, FL). *Indicates significant 
difference between NC vs. PC and SF- vs. PC (P < 0.05).
* 
* 
137 
 
 
CHAPTER V 
 
DIETARY SOLUBLE OR INSOLUBLE FIBER ALTERED INTESTINAL 
MICROBIOTA DIFFERENTLY IN WEANED PIGS CHALLENGED WITH 
ENTEROTOXIGENIC E. COLI 
 
Modified from a paper in preparation for submission to the 
Frontiers in Microbiology 
 
Qingyun Li1, Xiyu Peng2,3, Eric R. Burrough4, Orhan Sahin4, Stacie A. Gould1, Nicholas 
K. Gabler1, Crystal L. Loving5, Karin S. Dorman2,3, and John F. Patience1 
 
1Department of Animal Science, Iowa State University, Ames, IA, USA 
2Department of Genetics, Development, and Cell Biology, Iowa State University, Ames, 
IA, USA 
3Department of Statistics, Iowa State University, Ames, IA, USA 
4Department of Veterinary Diagnostic and Production Animal Medicine, Iowa State 
University, Ames, IA, USA 
5USDA-ARS-National Animal Disease Center, Ames, IA, USA 
 
Abstract 
Post-weaning diarrhea caused by enterotoxigenic E. coli causes significant 
economic losses for pig producers. This study was to test the hypotheses that an ETEC 
challenge disrupts intestinal microbial homeostasis and the inclusion of dietary soluble 
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(SF; 10% sugar beet pulp) or insoluble fiber (IF; 15% corn distillers dried grains with 
solubles) with or without exogenous carbohydrases will protect or restore the microbial 
homeostasis in weaned pigs. Sixty crossbred piglets (6.9 ± 0.1 kg) were blocked by body 
weight and randomly assigned to one of six treatments (n = 10), including a non-
challenged control (NC), F18 ETEC-challenged positive control (PC), ETEC-challenged 
soluble fiber without (SF-) or with carbohydrases (SF+), and ETEC-challenged insoluble 
fiber without (IF-) or with carbohydrases (IF+). Pigs were housed individually and orally 
received either F18 ETEC inoculum or PBS-sham inoculum on day 7 post-weaning. 
Intestinal contents were collected on day 14 or 15. The V4 region of the 16S rDNA was 
amplified and sequenced. The VFA and pH data were analyzed as a randomized complete 
block design using PROC GLIMMIX of SAS (9.4) with pen as the experimental unit. 
Treatment, sex, and their interaction were fixed effects. Block was a random effect. High-
quality reads (total 6,671,739) were selected and clustered into 3,330 OTUs based on 
97% sequence similarity. No differences were observed in α-diversity among treatments. 
The ileal microbiota in NC and PC had modest separation in the weighted PCoA plot (P 
< 0.05); the microbial structures were slightly altered by SF+ and IF- (P < 0.05). The 
ETEC infection disturbed microbial homeostasis by increasing the relative abundance of 
ileal Escherichia-Shigella (P < 0.01) and numerically decreasing Lactobacillus compared 
with NC. Predicted functional pathways enriched in the ileal microbiota of pigs on PC 
indicated enhanced activity of Gram-negative bacteria, agrees with increased abundance 
of ileal Escherichia-Shigella. The SF+ tended to decrease (P < 0.10) ileal Escherichia-
Shigella compared to PC and significantly decreased (P < 0.05) ileal Escherichia-
Shigella compared to SF-. Greater relative abundance of ileal Streptococcus, 
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Turicibacter, Roseburia and Erysipelotrichaceae was observed in pigs fed SF- and SF+ 
compared to those fed PC. Pigs on SF+ also had greater relative abundance of ileal 
Prevotellaceae than pigs on PC. Pigs fed IF+ had greater relative abundance of 
Lactobacillus and Roseburia than those on PC (P < 0.05). The ETEC challenge reduced 
total volatile fatty acids (VFA) compared to NC (P < 0.05). The SF+ increased cecal 
acetate and SF- increased colonic propionate, butyrate, total VFA compared to PC (P < 
0.05). Collectively, ETEC challenge disrupted gut microbial homeostasis and impaired 
microbial fermentation capacity. Soluble fiber improved VFA production and altered 
microbiota to maintain or restore gut homeostasis. 
 
Introduction 
Enterotoxigenic E. coli (ETEC) is the main pathogenic bacteria inducing post-
weaning diarrhea (PWD) in pigs, causing economic losses due to increased mortality, 
morbidity, medication cost, and decreased growth performance (Fairbrother and Gyles, 
2012). Virulent factors of ETEC include the expression of fimbria (e.g., F4 or F18) and 
the production of enterotoxins (e.g., heat labile and/or heat stable; Zhang et al., 2007). 
Following adherence of fimbria through specific receptors and colonization on intestinal 
epithelia, the synthesized enterotoxins can be translocated into enterocytes. This leads to 
cellular response and subsequent increases in secretion and reductions in absorption of 
electrolytes and water, resulting in diarrhea (Jensen et al., 2012). In pigs, F4 and F18 are 
the predominant ETEC strains associated with PWD (Frydendahl, 2002; Zhang et al., 
2007). The expression of fimbrial adhesin binding receptors in the small intestine of pigs 
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determines their genetic susceptibility to F18 ETEC-induced diarrhea (Frydendahl et al., 
2003).  
With the use of antimicrobials in animal production being restricted, alternative 
nutritional strategies are needed to control gastrointestinal bacterial infection such as 
PWD and to improve piglet health. Feeding dietary fiber to young pigs has gained more 
interest in recent years due to its functional properties, such as improvements in intestinal 
microbial balance (Molist et al., 2014). However, inconsistent results have been reported 
regarding the impact of dietary fiber on PWD in weaned pigs; this may be due to 
differences in the characteristics and inclusion levels of fiber, the composition of basal 
diets, the severity of the ETEC challenge, and the genetics and health status of pigs 
(Hopwood et al., 2004; Montagne et al., 2004; Wellock et al., 2008; Molist et al., 2010). 
Thus, the impact of including different sources of dietary fiber in ETEC-challenged pigs 
fed corn-soybean meal based diets and the associated modes of action need to be further 
explored.  
Sugar beet pulp (SBP) and corn distillers dried grains with solubles (DDGS) are 
industrial coproducts that are widely available and have been used in weaned pig diets. 
Sugar beet pulp has been shown to increase Lactobacillus count and improve the health 
status of weaned piglets (Schiavon et al., 2004; Thomson et al., 2012; Yan et al., 2017). 
Exogenous carbohydrases can degrade dietary fiber to release oligosaccharides or 
monosaccharides in the small intestine (Lærke et al., 2015; Pedersen et al., 2015). The 
liberated oligosaccharides in turn may stimulate the growth of beneficial bacteria and 
inhibit the proliferation and colonization of pathogenic bacteria (Broekaert et al., 2011; 
Strube et al., 2015).  
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Pathogenic bacterial challenges cause overgrowth of the infected bacteria and 
disrupt intestinal microbial homeostatis (Burrough et al., 2017; Argüello et al., 2018). 
The emergence of 16S rRNA high throughput sequencing provides an opportunity to 
study complex microbial communities with high resolution. Currently, limited research 
has investigated the effect of an ETEC challenge on intestinal microbiota of weaned pigs 
(Yang et al., 2016; Pollock et al., 2018). To our knowledge, there is also no information 
available on the impact of feeding SBP and DDGS on gut microbiota in weaned pigs 
challenged with F18 ETEC.  
Previous results have shown that an ETEC challenge increased the incidence of 
diarrhea, induced intestinal inflammation, and reduced tight junction protein gene 
transcription, resulting in depressed growth performance in weaned pigs (Li et al., 
2018a). The addition of a soluble, highly fermentable fiber (SBP) with added 
carbohydrases improved pig growth compared to the ETEC-challenged control; this was 
likely due in part to reductions in markers of inflammation. In contrast, the addition of 
insoluble, poorly fermentable fiber (corn DDGS) without added enzymes increased the 
incidence of diarrhea and E. coli shedding compared to the ETEC-challenged control (Li 
et al., 2018a). Clearly, then, an improved understanding of the modulatory effects of 
soluble or insoluble fiber without or with carbohydrases on gut microbiota of pigs after 
an ETEC challenge will provide a better understanding of mechanisms by which dietary 
changes mitigate or exacerbate the pig’s response to an ETEC infection.  
Therefore, the objectives of this study were to test the hypotheses that an F18 
ETEC challenge would disrupt intestinal microbial homeostasis and that the inclusion of 
dietary soluble (SF; 10% BSP) or insoluble fiber (IF; 15% DDGS) with or without 
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exogenous carbohydrases would maintain or restore microbial homeostasis in weaned 
pigs.  
Materials and methods 
Ethics 
All procedures in this experiment were reviewed and approved by the Institutional 
Animal Care and Use Committee at Iowa State University (IACUC #6-16-8306-S and 
#16-I-0027-A). 
Animals, diets and experimental design  
Sixty individually housed weaned pigs (30 barrows and 30 gilts; 6.9 ± 0.1 kg; 
L337 × Camborough; PIC Inc., Hendersonville, TN) were blocked by initial body weight 
and randomly assigned to 1 of 6 treatments (n = 10 per treatment): a non-challenged 
control (NC), an ETEC challenged positive control (PC), the PC fed a diet containing 
soluble fiber, either without or with carbohydrases (SF- and SF+), and the PC fed a diet 
containing insoluble fiber without or with carbohydrases (IF- and IF+). The 
carbohydrases contained 0.01% xylanase (Econase XT), 0.001% β-glucanase (Econase 
GT P), and 0.01% pectinase (Pectinase ABE), based on the manufacturer’s 
recommendations (AB Vista, Plantation, FL). The analyzed enzyme activities were 
190,000 BXU/g xylanase, 2,320,000 BU/g β-glucanase, and 560 PE/g pectinase. The diet 
fed to NC and PC was based primarily on corn and soybean meal with 13.5% milk whey 
powder, 5% fish meal, and 4% casein. The SF (10% sugar beet pulp; SBP) and IF (15% 
corn distillers dried grains with solubles; DDGS) were added to the control diet at the 
expense of cornstarch. Pelleted SBP was ground to similar particle size as DDGS using a 
2.5 mm screen to avoid the confounding effect of different particle size among fiber 
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sources. All diets were formulated to meet or exceed NRC (2012) estimates of 
requirements of weaned pigs and did not contain antibiotics or pharmaceutical levels of 
copper or zinc. Ingredient and nutrient composition of diets were presented in Tables 5.1 
and 5.2. Pigs were fed ad libitum and had free access to water throughout the 14-day 
experiment.  
On day 7 post weaning, pigs were orally gavaged with either freshly grown F18 
ETEC inoculum (approximately 3.5 × 109 cfu/mL; 6 mL) or a sham inoculum of 
phosphate-buffered saline (PBS; 6 mL). A hemolytic F18 ETEC strain expressing heat-
labile (LT), heat-stable b (STb), and enteroaggregative Escherichia coli heat-stable 
enterotoxin 1 (EAST1) was recovered from the intestine of a nursery pig with enteric 
colibacillosis and was used to prepare the bacterial inoculum at the Veterinary Diagnostic 
Lab of Iowa State University (Ames, IA). The sows and piglets used in this experiment 
were not vaccinated against E. coli before this trial. None of the pigs shed hemolytic E. 
coli on day 0. All ETEC challenged pigs were confirmed to be genetically susceptible to 
F18 ETEC by genotype sequencing.  
Sample collection  
On day 7 before inoculation, fecal samples were collected directly from the 
rectum of pigs that excreted feces after collecting fecal swabs (Chapter 4). On each of 
days 14 and 15, half of the pigs (5 pigs per treatment) were euthanized by captive bolt 
stunning followed by exsanguination. Post-euthanasia, the abdomen was opened, and the 
entire gastrointestinal tract was removed. Approximately 3 grams of digesta from the 
ileum (30 cm from the ileal-cecal junction) and mid-colon were immediately snap-frozen 
in liquid N and stored at -80°C pending DNA extraction. The pH of ileal, cecal, and 
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colonic digesta was measured by directly inserting the probe of a portable pH meter 
(Oakton Instruments, Vernon Hills, IL) into the contents following mixing. The digesta 
(3-5 grams) of the cecum and colon were collected and stored at -20°C pending volatile 
fatty acid (VFA) analysis.  
Volatile fatty acid analysis 
Concentration of VFA in the intestinal digesta was determined using Gas 
Chromatography (3800 Varian GC, Agilent Technologies, Santa Clara, CA). One gram 
of digesta samples were thawed at 4°C and mixed well followed by suspension in 2.5 mL 
of distilled water in a screw-capped tube. After being vortexed, 1 mL of the mixture was 
transferred into 1.5-mL centrifuge tubes and mixed with 0.2 mL of metaphosphoric acid 
to remove proteins from the digesta. Isocaproic acid (48.3 mM; Sigma-Aldrich, Saint 
Louis, MO) was used as an internal standard and 0.1 mL was added to each sample. The 
tubes were then centrifuged at 15,000 × g at 4°C for 20 min. The supernatant (1 mL) was 
transferred into 1.5 mL GC vials and each sample was analyzed in duplicate for VFA. A 
flame ionization detector was used with an oven temperature of 60 - 200°C. The Nukol 
capillary column (15 m  0.25 mm  0.25 μm; Sigma-Aldrich, Bellefonte, PA) was 
operated with highly purified helium as the carrier gas, at 1 mL/min.  
DNA extraction and 16S library preparation 
Digesta samples (3-5 grams) were resuspended in 30 mL PBS. Each sample (300 
μL) was the added to a KingFisher™ Flex Purification System with MagMAX™ 
Pathogen RNA/DNA Kit (Thermo Fisher Scientific, Waltham, MA, USA) for batch DNA 
extraction according to the manufacturer’s instructions. The V4 region of the 16S rRNA 
gene was amplified using the 515F/806R primer set (515F: GTGCCAGCMGCCGCGGT 
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AA; 806R: GGACTACHVGGGTWTCTAAT) with AccuPrime™ Pfx SuperMix 
(Thermo Fisher Scientific, Waltham, MA, USA). The PCR cycling program included one 
cycle of 95°C for 2 min, 30 cycles of 95°C for 20 s, 55°C for 15 s, and 72°C for 5 min, 
followed by one cycle of 72°C for 10 min. PCR products of random samples were 
selected to run on Qiagen Qiaxcel to confirm success of the PCR. Library cleanup was 
performed using Agencourt AMPure XP beads (Beckman Coulter, Inc., Brea, CA) and 
then quantified using the Kapa Library Quantification Kit (Kapa Biosystems, 
Wilmington, MA) with QuantStudio 5 Real-Time PCR system (Thermo Fisher Scientific, 
Waltham, MA, USA) and pooled in a single tube such that each library had equal final 
concentration. 
Illumina miseq sequencing 
The pooled library was sequenced using the Illumina MiSeq sequencing platform 
using V3 MiSeq cartridges to produce 2 × 250 bp paired end reads. Customized 
sequencing primers for read 1 (5-TATGGTAATTGTGTGCCAGCMGCCGCGGTAA-
3), read 2 (5-AGTCAGTCAGCCGGACTACHVGGGTWTCTAAT-3) and index read 
(5-ATTAGAWACCCBDGTAGTCCGGCTGACTGACT-3) were utilized during the 
sequencing procedure. 
Quality filtering and sequence analysis 
Raw data were demultiplexed based on dual indices to generate paired-end reads 
for each sample. Samples that failed to generate enough PCR products and contained 
very low numbers of sequencing reads were removed. High quality reads were selected 
and clustered into operational taxonomic units (OTUs) based on the workflow of Mothur 
Miseq SOP (v1.39.5; Schloss et al., 2009). Several steps for pre-clustering data curation 
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were conducted, including: 1) paired-end reads were merged and sequences with 
ambiguous bases or longer than 275 bp were removed; 2) reads were compressed to 
unique sequences and count tables were generated; 3) After aligning sequences to the V4 
region of the 16S rRNA gene in SILVA v128 database (Quast et al., 2012), sequences 
were trimmed at both ends and all unaligned sequences were removed; 4) Sequences 
were pre-clustered for up to 2 differences for denoising purposes; 5) Chimera sequences 
were identified and removed by the VSEARCH algorithm (Rognes et al., 2016); 6) 
Discard sequences that were not classified to bacterial in SILVA v128 using Naive Bayes 
classifier (Wang method) with minimum confidence score of 0.8. Finally, OTUs were 
clustered within 97% similarity using OptiClust (Westcott and Schloss, 2017), based on 
the distance matrix generated by default. Taxonomic assignment of OTUs was performed 
based on SILVA v128. QIIME1 (Caporaso et al., 2010) and used in transferring the 
format between different software packages in later analysis. 
Bioinformatic analyses  
The linear discriminant analysis effect size (LEfSe) method (Galaxy v1.0; Segata 
et al., 2011) was used to identify biomarkers characterizing differences between groups 
under different conditions. Taxa with very low abundance (maximum relative abundance 
< 0.1% among all samples) were discarded. Samples from the ileum, colon, and feces 
were analyzed separately in LEfSe. After reclassifying OUTs based on the Greengene 
database v13.5 (DeSantis et al., 2006), the phylogenetic investigation of communities by 
reconstruction of unobserved states (PICRUSt, Galaxy v1.0.0; Langille et al., 2013) was 
used to generate predictive functional profiling of microbiota. Gene functions were 
collapsed into the 3rd level of the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
147 
 
 
Pathways. Predicted gene counts in each pathway were compared between groups using 
LEfSe. 
Statistical analysis 
Statistical analysis of the OTU table was performed mainly with the Phyloseq 
package (v1.24.2; McMurdie and Holmes, 2013) in R v3.5.0. Microbial composition 
analyses within groups were performed at phylum, family and genus levels. Alpha-
diversity indices (Chao1, Shannon, and Inverse Simpson) were calculated and differences 
among treatments were compared using a pairwise t test. Following the recommended 
procedures by Callahan et al. (2016), prevalence filtering, filtering rare phylum 
(abundance ≤ 5), and unprevalent OTUs (occur only in < 5% samples) were conducted 
and abundance were transformed under even sampling depth (McMurdie and Holmes, 
2014) before studying beta-diversity. Beta-diversity was compared using an analysis of 
similarity (ANOSIM; Clarke, 1993) and the permutational multivariate analysis of 
variance (PERMANOVA; Anderson, 2001) test implemented in the vegan package (v 
2.5-2; Oksanen et al., 2018), based on both weighted and unweighted UniFrac distance 
matrices (Lozupone and Knight, 2005). P-values were calculated using 999 permutations. 
Principle coordinated analysis (PCoA) was performed to assess beta-diversity.  
Differential abundance analysis of taxa was conducted at the phylum, family and 
genus levels. Taxa existing only in < 10% samples were discarded. For taxa at the family 
and genus level, differences in abundance between groups were detected using the 
DESeq2 package (v 1.20.0; Love et al., 2014). Contrasts were used to identify differential 
abundant taxa among interested groups. P-values were calculated based on the Wald test. 
Specific phyla with significantly different abundance between groups were detected using 
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the Kruskal-Wallis (KW) nonparametric method. All P-values from multiple comparison 
tests were adjusted by the Benjamini and Hochberg (BH) method with a false discovery 
rate controlling at 5%.  
The VFA and pH data were analyzed as a randomized complete block design 
using PROC GLIMMIX of SAS (9.4) with pen as the experimental unit. Treatment, sex, 
and their interaction were included in the model as fixed effects. Block was a random 
effect. Pre-planned contrasts were performed using the ESTIMATE statement to evaluate 
the effects of the ETEC challenge (NC vs. PC) and dietary treatment (SF-, SF+, IF-, or 
IF+ vs. PC), and to compare the effect of fiber sources (SF vs. IF), without or with 
enzymes, as well as fiber by enzyme interactions. Treatment least square means were 
reported. Differences were considered significant if P ≤ 0.05 and tendencies if 0.05 < P ≤ 
0.10. 
Results 
Intestinal bacterial richness and diversity 
One sample from the ileum and two from the colon contained very low numbers 
of sequencing reads, and thus were deleted from the data analysis. There were 156 
samples with 39 pre-challenge fecal, and 59 and 58 post-challenge ileal and colonic 
samples, respectively. A total of 6,671,739 high-quality reads were obtained after size 
filtering, quality control, and chimera removal, with an average of 51,080, 34,913 and 
45,168 sequences per fecal, ileal and colonic sample, respectively. Based on 97% 
sequence similarity, 3,300 OTUs were classified, with 774 in ileal, 2,309 in colonic, and 
2,395 in fecal samples (Fig. 5.1A). 
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Alpha-diversity 
During the pre-challenge period, no significant diet-induced effects were observed 
on Chao1 richness, Shannon and InvSimpson diversity indices in fecal microbiota (Fig. 
5.1B). Similarly, no differences were observed in any α-diversity indicators among 
treatments in ileal and colonic microbiota after ETEC challenge (Fig. 5.1C), except for a 
tendency for a greater Shannon diversity index in IF+ than NC in the colonic microbiota 
(P < 0.10). As expected, ileal bacterial community had lower Chao1 richness, Shannon 
and InvSimpson indices than colonic and fecal bacteria (Fig. 5.1D). 
Beta-diversity 
Beta-diversity was assessed by the unweighted and weighted principle coordinate 
analysis (PCoA) procedure to indicate the degree of similarity between microbial 
communities. The weighted and unweighted UniFrac distances revealed distinct 
clustering patterns between the ileal and colonic microbiota (R = 0.40 and 0.36, 
respectively) or between ileal and fecal microbiota (R = 0.44 and 0.39, respectively; P < 
0.01; Fig. 5.2A, B).  
Diets had no effect on beta-diversity of the fecal microbial community during the 
pre-challenge period (Fig. 5.2A, B). The ileal microbiota of pigs on NC vs. PC had 
modest separation in the weighted PCoA plot based on ANOSIMs (R = 0.31; P < 0.05). 
While the structures of the ileal microbial community were altered by SF+ and IF- (P < 
0.05), the degree of separation was very limited according to low R values (0.17 and 
0.22) in the weighted UniFrac distances (Fig. 5.2D). Similar structure of the intestinal 
microbiota community was found in the colon between NC vs. PC and among all 5 
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challenged treatments as R-values were below 0.15, indicating overlap in community 
structure.  
Diets altered intestinal microbiota 
Pre-challenge fecal digesta 
At the phylum level, Firmicutes (> 55%) and Bacteroidetes (> 24%) dominated 
fecal microbiota, followed by Spirochaetae, Actinobacteria, and Proteobacteria (Fig. 
5.3A, Supplemental Table 5.S1). However, no differences in any bacterial phyla were 
detected among treatments. At the family level, pigs fed IF+ decreased Lactobacillaceae 
compared to those that consumed the control diet (P < 0.05; Fig. 5.3B, Supplemental 
Table 5.S2). The pigs fed the SF+ diet increased Streptococcaceae compared to those fed 
the control diet (P < 0.05). Additionally, lower relative abundance of Bacteroidaceae was 
detected in pigs fed SF- and IF- than those fed basal diets (P < 0.05). At the genus level, 
the relative abundance of Bacteroides under the Bacteroidaceae family was decreased by 
SF-, IF-, and IF+ compared to basal (P < 0.05; Fig. 5.3C, Supplemental Table 5.S3). 
Additionally, the relative abundance of pigs fed SF- was lower for Faecalibacterium 
under the Ruminococcaceae family than those fed basal (P < 0.05).  
Post-challenge ileal and colon digesta 
At the phylum level, Firmicutes dominated in both ileal (> 47%; Fig. 5.4A; 
Supplemental Table 5.S4) and colonic microbiota (> 56%; Fig. 5.4B, Supplemental Table 
5.S5) in all treatments. Bacteroidetes was increased in the colon compared to the ileum (≥ 
17.91% vs. 0.05%), irrespective of treatment. The ETEC challenge increased the relative 
abundance of Proteobacteria (51.01% vs. 1.44%) and decreased the Firmicutes in the 
ileum (P < 0.05). The relative abundance of Proteobacteria in the ileum was numerically 
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reduced to 7.68% and 7.23% in SF+ and IF-, respectively. Similarly, SF+ and IF- 
numerically increased the relative abundance of ileal Firmicutes to a level close to that in 
NC. In the colon, PC increased the relative abundance of Proteobacteria and decreased 
Firmicutes (P < 0.05) and tended to decrease Actinobacteria (P < 0.10) compared to NC; 
SF+ reduced the extent of those 3 phyla bacterial changes.  
At the family level, PC increased the relative abundance of ileal 
Enterobacteriaceae compared to NC (40.40 vs. 0.49%; P < 0.01); SF+ and IF- tended to 
reduce (P < 0.10) Enterobacteriaceae abundance compared to PC (Fig. 5.4C, 
Supplemental Table 5.S4). Pigs on PC had a numerically lower abundance of 
Lactobacillaceae (91.99 vs. 44.32%) compared to those on NC. The SF+ significantly 
reduced ileal Enterobacteriaceae abundance compared to SF- (P < 0.05). In comparison 
to PC, SF+ significantly increased (P < 0.05) and SF- and IF+ tended (P < 0.10) to 
increase the abundance of Prevotellaceae under phyla Bacteroidetes in the ileum. The 
addition of exogenous enzymes to the insoluble fiber diets (IF+ vs. IF-) significantly 
increased ileal Prevotellaceae abundance (P < 0.05). Pigs fed SF, regardless of 
carbohydrase addition, had greater proportions of ileal Streptococcaceae and 
Erysipelotrichaceae under phyla Firmicutes than pigs in PC (P < 0.01). However, IF- 
significantly decreased ileal Erysipelotrichaceae compared to PC and IF+ (P < 0.01). The 
addition of carbohydrases, irrespective of fiber type, increased Clostridiaceae 1 under 
phyla Firmicutes compared to PC and diets without carbohydrases (P < 0.05). Greater 
relative abundance of Lachnospiraceae was observed in pigs fed IF+ compared to those 
fed PC and IF- (P < 0.01). Pigs on SF- had lower relative abundance of ileal 
Pasteurellaceae under phyla Proteobacteria compared to those on PC (P < 0.01).  
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In the colon, fewer bacterial changes were detected among treatments (Fig. 5.4D, 
Supplemental Table 5.S6). Pigs on PC had a greater relative abundance of 
Enterobacteriaceae and Porphyromonadaceae and lower relative abundance of 
Lactobacillaceae compared to those on NC (P < 0.05). The SF+ reduced the relative 
abundance of Porphyromonadaceae under phyla Bacteroidetes and increased 
Streptococcaceae under phyla Firmicutes in the colon compared to PC (P < 0.05). 
At the genus level, Lactobacillus dominated the ileal microbiota in NC (91.99%), 
and PC numerically decreased its abundance to 44.32% (Fig. 5.4E, Supplemental Table 
5.S4). The PC increased the relative abundance of ileal Escherichia-Shigella compared 
with NC (P < 0.01). The SF+ tended to reduce Escherichia-Shigella compared to PC (P < 
0.10) and significantly reduced Escherichia-Shigella compared to SF- (P < 0.01). pigs 
fed IF+ increased the relative abundance of Lactobacillus compared to those fed PC (P < 
0.05). Greater relative abundance of Streptococcus, Clostridium sensu stricto 1, 
Turicibacter, and Roseburia were observed in the ileum of pigs fed SF- and SF+ 
compared to those fed PC (P < 0.05). The SF- decreased the relative abundance of ileal 
Actinobacillus under the Pasteurellaceae family compared with PC (P < 0.05). Pigs fed 
IF+ had greater abundance of ileal Clostridium sensu stricto 1 and Roseburia than those 
fed PC and IF- (P < 0.01). Likewise, IF+ tended to increase (P < 0.10) and significantly 
increased (P < 0.01) Turicibacter in the ileum compared to PC and IF-, respectively. 
In the colon, PC increased the relative abundance of Escherichia-Shigella and 
decreased Lactobacillus in comparison to NC (P < 0.05; Fig. 5.4F, Supplemental Table 
5.S7). In addition, PC tended to decrease Prevotella 7 and Anaerovibrio of the 
Veillonellaceae family relative to NC (P < 0.10). Both SF- and SF+ decreased the 
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abundance of Odoribacter of the Porphyromonadaceae family under phyla Bacteroidetes 
compared to PC (P < 0.01). Pigs on SF- treatment increased the abundance of Prevotella 
7 compared with those on PC (P < 0.05). The SF+ decreased Veillonella under phyla 
Firmicutes compared with PC and SF- (P < 0.05). The relative abundance of 
Lachnoclostridium was greater in pigs fed PC than all the other treatments (P < 0.05). A 
trend for lower abundance of Prevotellaceae UCG-003 and greater abundance of 
Streptococcus, Ruminococcaceae NK4A214 group, and Ruminococcaceae UCG-014 was 
observed in SF+ compared to PC in the colon (P < 0.10). The IF- tended to decrease 
colonic Bacteroides compared to PC (P < 0.10). 
In addition, LEfSe revealed Escherichia-Shigella was enriched in PC and 
Lactobacillus was enriched in NC (Fig. 5.5A, B). Streptococcaceae, Streptococcus, 
Clostridiaceae, Clostridium sensu stricto 1, Megasphaera, Erysipelotrichaceae, and 
Prevotellaceae were differentially abundant bacterial taxa in ileal digesta of pigs fed SF+ 
(Fig. 5.5C, D). 
Predicted functional capacity of the ileal digesta microbiota 
Because differences in growth were previously observed between NC vs. PC and 
SF+ vs. PC (Li et al., 2018a), predicted functional capacity of the ileal microbiota 
analysis was performed in those two comparisons. As illustrated in Fig. 5.6A, various 
functional pathways were overrepresented at more than 3 log-fold in the ileal microbiota 
of pigs fed PC, such as ABC transporters, bacterial motility proteins, secretion system, 
lipopolysaccharide biosynthesis, and flagella assembly. Ileal microbiota of pigs on NC 
had enriched normal energy and nucleotide metabolism, such as galactose metabolism, 
starch and sucrose metabolism, phosphotransferase system (Deutscher et al., 2006), and 
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pyrimidine and purine metabolism. Figure 5.6B depicts that enriched functional pathways 
in the microbiota of pigs fed SF+ resembled those in NC, such as galactose metabolism 
and phosphotransferase system. Additionally, peptidoglycan biosynthesis, carbohydrate 
metabolism, and carbohydrate digestion and absorption were overrepresented at more 
than 2 log-fold in the ileal microbiota of pigs fed SF+. By contrast, functional pathways 
enriched in the ileal microbiota of pigs on PC were sulfur and glutathione metabolism.  
Correlation between VFA and microbiota of the colon digesta 
Significant correlations were observed between selected taxa with VFA in the 
colonic digesta (Fig. 5.7, Supplemental Table 5.S8). A positive correlation was observed 
between g. Blautia and acetate (R = 0.41; P < 0.05). The g. Lachnoclostridium was 
negatively correlated with propionate (R = 0.41; P < 0.05). The presence of g. Prevotella 
7 and Prevotella 9 was positively correlated with butyrate and valerate (P < 0.05). The g. 
Bacteroides was negatively correlated with propionate, butyrate, and valerate (P < 0.05). 
The g. Parabacteroides was negatively correlated with butyrate (R = 0.41; P < 0.05). The 
presence of g. Selenomonas and g. Megasphaera was positively correlated with valerate 
(P < 0.05). The g. Ruminococcaceae UCG-014 tended to be positively correlated with 
butyrate and negatively correlated with isobutyrate (P < 0.10).  
Intestinal VFA and pH  
Pigs on the NC treatment had greater total VFA (P < 0.05) in both the cecum and 
colon and tended (P < 0.10) to have greater concentrations of acetate and propionate in 
the colon than those on PC (Table 5.3). Cecal propionate and colonic valerate and 
isovalerate were lower (P < 0.05) in pigs on PC than those on NC. The SF+ increased 
cecal acetate compared to PC (P < 0.05). In the colon, SF increased acetate concentration 
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compared to PC, regardless of carbohydrases addition (P < 0.05). However, greater 
propionate, butyrate and total VFA, and lower isobutyrate in the colon, were only 
observed in pigs fed SF- compared to those fed PC (P < 0.05). The SF+ tended to 
increase total VFA compared to PC (P < 0.10). Cecal digesta pH did not differ among 
treatments. Colonic pH tended (P < 0.10) to be lower in SF- and was significantly lower 
(P < 0.05) in pigs fed SF+ than those fed PC. Insoluble fiber, irrespective of enzyme 
addition, had no impact on any VFA, but tended to decrease pH in the colon compared to 
PC (P < 0.10). In both cecum and colon, the main effect of SF increased acetate and total 
VFA compared with IF (P < 0.05). The main effect of enzyme supplementation 
decreased cecal valerate and colonic propionate and valerate compared to diets without 
enzymes (P < 0.05). 
Discussion 
Pathogenic challenges compromise intestinal function of pigs via different 
mechanisms, with one being disruption of gut microbial homestasis (Burrough et al., 
2017; Argüello et al., 2018). Our previous findings generated from the same pigs 
revealed that an ETEC challenge decreased growth of weaned piglets and pigs fed SF+ 
diets had improved growth; whereas, pigs fed IF- diets had an increased incidence of 
diarrhea and hemolytic E. coli shedding (Li et al., 2018a). To better understand the 
potential mechanisms through which different sources of dietary fiber and exogenous 
carbohydrases alter the pig’s response to ETEC, this study evaluated the impact of an F18 
ETEC challenge as well as potential protective effect of those dietary modulations on 
intestinal microbial homeostasis and microbial fermentation products.  
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Diets had no impact on alpha- and beta-diversity of the fecal microbiota; only a 
few differentially abundant bacterial taxa were identified on day 7 in fecal bacteria of 
pigs fed different diets. The lack of response in microbial structure and alteration in 
bacterial abundance is probably due to the short adaptation time to the diets. Alpha 
diversity was not affected by pre-feeding with dietary fiber and enzyme supplementation 
after an ETEC infection. Partly due to intragroup variations in response to the bacterial 
challenge, ETEC inoculation only moderately altered ileal microbial structure and the 
SF+ and IF- slightly modulated the microbial community structure compared to PC. As 
expected, the ETEC challenge increased the relative abundance of Proteobacteria in both 
ileal and colonic digesta compared to the NC; this was driven by the increase in 
Escherichia-Shigella. This agrees with attachment of E. coli to ileal epithelial cells, 
elevated fecal hemolytic E. coli shedding and an increased incidence of diarrhea observed 
previously (Li et al., 2018a). Accordingly, pigs receiving the ETEC inoculum presented a 
lower relative abundance of phyla Firmicutes and genus Lactobacillus than those 
receiving the sham inoculum, indicating disruption of microbial homeostasis by ETEC. 
The decreased concentration of propionate, valerate, and total VFA in the large intestine 
of pigs on PC in comparison to NC suggests that the ETEC challenge also impairs 
intestinal microbial fermentation capacity.   
Pollock et al. (2018) recently evaluated the effect of subclinical ETEC exposure 
via feed on fecal microbiota in weaned pigs. Unlike that observed in the current study, 
the authors did not report significant changes in fecal Enterobacteriaceae or in microbial 
structure. This implies – not surprisingly - that the dose and method of an ETEC 
challenge influences microbial response to the infection in pigs.   
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It has been suggested that soluble fiber favors pathogenic E. coli proliferation in 
the gut through increasing intestinal digesta viscosity (Hopwood et al., 2004; Montagne 
et al., 2004). This notion may explain the similar relative abundance of Escherichia-
Shigella in both ileal and colonic digesta of pigs fed SF- and PC observed herein. 
However, the SF- decreased E. coli attachment in the ileum compared to PC (Li et al., 
2018a), indicating the beneficial effect of SF- on reducing mucosal pathogens. The SF+ 
tended to decrease ileal Escherichia-Shigella compared to PC and significantly decreased 
ileal Escherichia-Shigella compared to SF-. This may suggest that carbohydrases break 
down the SBP to release pectic oligosaccharides, exerting prebiotic effects (Leijdekkers 
et al., 2014).  
Additionally, Högberg and Lindberg (2004) suggested that enzyme (xylanase and 
ß-glucananse) supplementation increased substrate for the growth of lactic acid-
producing bacteria (e.g., Lactobacillus) in the ileum of weaning pigs. Because no 
significant increase in the relative abundance of Lactobacillus by SF+ was observed, 
other bacteria producing lactic acid may be involved to reduce Escherichia-Shigella. 
Although Streptococcus is normally associated with pathogenic bacteria, some strains, 
such as S. infantarius and S. Thermophilus, are lactic acid producers and are considered 
probiotics (Anadón et al., 2006; Yang et al., 2015). Therefore, the elevated abundance of 
Streptococcus in pigs fed SF+ may contribute to the reduction in Escherichia-Shigella. 
Moreover, greater abundance of Streptococcus was reported in IgG supplemented pigs 
after F4 ETEC challenge, which was accompanied by reduced ETEC shedding 
(Hedegaard et al., 2016). Collectively, the observed increase in Streptococcus associated 
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with feeding soluble fiber, especially SF+, points to prebiotic effects of soluble fiber after 
an ETEC challenge.  
While Erysipelotrichaceca is more associated with metabolic disorder in humans 
(review by Kaakoush, 2015), more abundant colonic Erysipelotrichaceca, along with 
Lactobacillus and Roseburia, was reported in pigs that are resistant to the development of 
swine dysentery after experimental inoculation with Brachyspira (Burrough et al., 2017). 
This may indicate that the greater abundance of Roseburia, Turicibacter and 
Erysipelotrichaceae in the ileum of pigs fed SF, regardless of carbohydrase addition, is 
beneficial for defense against the ETEC infection. The increased abundance of 
Turicibacter and Clostridium in the colon of pigs fed a low-dose Bacillus probiotic mix 
during F4 ETEC infection supports this speculation (Zhang et al., 2017). Additionally, 
pigs fed SF- increased colonic Prevotella 7 and SF+ increased ileal Prevotellaceae, in 
agreement with Tian et al. (2017) who reported that pectin enriched diets increased 
Prevotella. Prevotella was reported to be positively correlated with luminal secretory IgA 
concentrations and body weight of pigs (Mach et al., 2015). Secretory IgA has been 
considered as a first line of defense in protecting the intestinal epithelium from enteric 
pathogens and toxins (Mantis et al., 2011). Therefore, alterations in ileal microbiota may 
contribute to previously observed improvement in growth in SF+ (Li et al., 2018a).  
Pigs fed IF- tended to decrease Enterobacteriaceae compared to PC, which 
concurred with a numerical increase in Lactobacillus. This seems to contradict previous 
findings that IF- increased fecal hemolytic E. coli shedding and the incidence of diarrhea 
(Li et al., 2018a). The reason for this is unclear; it is likely that the consumption of IF 
reduces digesta transit time in the intestine (Wilfart et al., 2007), which then increases the 
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clearance of pathogenic bacteria, resulting in increased hemolytic E. coli shedding. This 
can explain the tendency for greater hemolytic E. coli shedding in IF+ than PC, along 
with increases in the relative abundance of beneficial bacteria, including Lactobacillus, 
Roseburia, and Lachnospiraceae. However, increased diarrhea in SF- relative to PC 
suggests more ETEC attachment in the intestine. Therefore, these data indicate that 
alterations of the intestinal microbial community structure and the complex interplay 
within the microbial community may play a more important role than simple changes in 
the abundance of individual or a few microbial species in determining responses of pigs 
to an ETEC infection. 
Pigs fed SF- and SF+ appeared to present an improved fermentation capacity than 
those fed PC, as indicated by the greater colonic VFA concentration. Compelling 
evidence suggests that VFA, especially acetate and butyrate, can improve gut barrier 
function and protect the host against bacterial infections (Peng et al., 2009; Fukuda et al., 
2011). Moreover, decreased colonic pH by SF- and SF+ may be beneficial to pigs 
because low pH can inhibit the growth of pathogenic bacteria (Suiryanrayna and Ramana, 
2015). Exogenous enzyme supplementation, irrespective of dietary fiber source, reduced 
the concentration of cecal valerate and colonic propionate and valerate compared to diets 
without enzymes. In agreement with the current VFA data, Li et al. (2018b) and Clarke et 
al. (2018) also reported reduced total VFA in the large intestine by supplementing 
enzymes. These restults support the view of Bedford and Cowieson (2012) who suggest 
that carbohydrase enzyme addition shifts the degradation of fiber from the hindgut to the 
upper gut. 
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The predicted functional pathways that were enriched in the ileal microbiota of 
pigs on PC included secretion system, ABC transporters, bacterial motility proteins, 
lipopolysaccharide biosynthesis, and flagella assembly. Bacterial pathogens can invade 
mammalian hosts, damage tissue, and elicit innate immune responses through multitude 
mechanisms, with the secretion of proteins across phospholipid membranes being an 
essential component of those strategies (Green and Mecsas, 2016). ABC transporter 
complex lptBFG is involved in the translocation of lipopolysaccharides from the inner 
membrane to the outer membrane (Narita and Tokuda, 2009). Glutathione metabolism is 
found primarily in Gram-negative bacteria (Smirnova and Oktyabrsky, 2005). Thus, the 
enriched functional pathways of the ileal microbiota in pigs on PC may indicate enhanced 
proliferation and metabolism of Gram-negative pathogenic bacteria; this hypothesis is in 
accordance with the increased relative abundance of Escherichia-Shigella. The functional 
pathway involving sulfur metabolism was also enriched in the microbiota of the ileal 
digesta of pigs fed the PC. It may indicate increased microbial degradation of sulfated 
compounds, such as mucins and sulfur-containing amino acids; this process produces 
toxic hydrogen sulfide that may damage the intestinal mucosal barrier (Carbonero et al., 
2012). Conversely, enriched functional pathways in the ileal microbiota of pigs fed SF+ 
resembled those fed NC, such as galactose metabolism and phosphotransferase system; 
this probably suggests better microbial homeostasis compared with pigs fed PC.   
Conclusions 
In conclusion, an ETEC challenge disrupted gut microbial homeostasis by 
increasing the relative abundance of Escherichia-Shigella and decreasing Lactobacillus 
in the ileum. The inclusion of SF or IF without or with enzymes differently altered 
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intestinal microbiota to maintain or restore microbial homeostasis. The SF+ tended to 
decrease the relative abundance of ileal Escherichia-Shigella compared to PC and 
significantly decreased Escherichia-Shigella compared to SF-; this indicates SF+ is more 
effective in reducing the bacterial pathogen load. Greater relative abundance of ileal 
Streptococcus, Turicibacter, Roseburia and Erysipelotrichaceae was observed in SF- and 
SF+ than PC. Pigs fed SF+ also had greater relative abundance of ileal Prevotellaceae 
than pigs fed PC. These bacterial changes may contribute to previously observed 
improvement in growth performance of pigs fed SF+. Pigs on SF- tended to have greater 
relative abundance of ileal Prevotellaceae and had greater relative abundance of colonic 
Prevotella 7 than pigs on PC. Pigs fed IF+ presented greater abundance of beneficial 
bacteria, including Lactobacillus and Roseburia, compared to those fed PC. The ETEC 
infection compromised microbial fermentation capacity as shown by the reduction in 
VFA compared to NC. Pigs fed SF- had greater concentrations of propionate, butyrate, 
and total VFA in the colon compared to PC. The pigs fed SF+ presented increased cecal 
acetate and reduced colonic pH, which may be beneficial for intestinal health. Taken 
together, in combination with results from Li et al. (2018a), these data suggest that the 
inclusion of a soluble and highly fermentable fiber from SBP with carbohydrase 
supplementation may be used to protect pigs against moderate ETEC infection as well as 
to improve growth performance.  
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Table 5.1. Ingredient composition of the experimental diets (as-fed basis, %) 
Item 
Diets1 
Control SF IF 
Corn 41.79 42.11 42.40 
Cornstarch 15.00 5.00 - 
Soybean meal, 46.5% CP  15.00 15.00 15.00 
DDGS2 - - 15.00 
Sugar beet pulp - 10.00 - 
Fish meal, menhaden select 5.00 5.00 5.00 
Whey powder, > 61% lactose  13.50 13.50 13.50 
Casein 4.00 4.00 4.00 
Soybean oil 2.50 2.50 2.50 
Monocalcium phosphate 0.56 0.56 0.20 
Limestone 0.95 0.73 1.10 
Sodium chloride 0.25 0.25 0.25 
L-Lys HCl 0.50 0.46 0.42 
DL-Met 0.23 0.22 0.11 
L-Thr 0.20 0.18 0.09 
L-Trp 0.05 0.04 0.03 
L-Val 0.07 0.05 - 
Vitamin premix3 0.25 0.25 0.25 
Trace mineral premix4 0.15 0.15 0.15 
Calculated nutrient levels, % 
   
ME, Mcal/kg 3.53 3.43 3.42 
NE, Mcal/kg 2.68 2.53 2.50 
Crude protein 19.96 20.71 23.67 
Ether extract 4.67 4.77 5.22 
Neutral detergent fiber 5.04 9.56 10.16 
Acid detergent fiber 2.00 4.35 4.55 
Total dietary fiber 8.24 14.99 13.03 
Starch 40.07 31.17 28.30 
Calcium 0.80 0.80 0.80 
Total P 0.60 0.61 0.64 
STTD P 0.43 0.43 0.43 
SID Lys 1.44 1.44 1.44 
SID Met + Cys 0.79 0.79 0.79 
SID Thr 0.85 0.85 0.85 
SID Trp 0.26 0.26 0.26 
1SF: soluble fiber diets without or with carbohydrases; IF: insoluble fiber diets without or 
with carbohydrases; the carbohydrases contained 0.01% xylanase (Econase XT; 190,000 
BXU/g), 0.001% β-glucanase (Econase GT P; 2,320,000 BU/g), and 0.01% pectinase 
(Pectinase ABE; 560 PE/g), and the supplementation rate was based on the 
manufacturer’s recommendations (AB Vista, Plantation, FL). 
2Distillers dried grains with solubles (DDGS) 
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3Provided per kg of diet: 7,656 IU vitamin A, 875 IU vitamin D, 63 IU vitamin E, 4 mg 
vitamin K, 70 mg niacin, 34 mg pantothenic acid, 14 mg riboflavin, and 0.06 mg vitamin 
B12 
4Provided per kg of diet: 165 mg Zn (zinc sulfate), 165 mg Fe (iron sulfate), 39 mg Mn 
(manganese sulfate), 17 mg Cu (copper sulfate), 0.3 mg I (calcium iodate), and 0.3 mg Se 
(sodium selenite) 
 
 
Table 5.2. Analyzed nutrient composition of fibrous ingredients and experimental diets 
(as-fed basis, %) 
Item1 
Ingredient2  Diets3 
Beet pulp DDGS  Control SF- SF+ IF- IF+ 
Dry matter 92.78 89.57  89.77 90.05 90.06 89.98 89.63 
GE, Mcal/kg 3.82 4.48  4.02 4.05 4.06 4.17 4.17 
Crude protein 9.41 28.09  18.40 19.38 19.74 23.21 22.32 
aEE 1.94 7.04  5.00 5.33 5.57 6.61 6.25 
NDF 35.70 28.67  4.83 8.52 8.32 9.54 9.67 
ADF 22.14 7.85  1.48 3.44 3.22 2.65 2.51 
Hemicellulose 13.56 20.83  3.34 5.08 5.10 6.88 7.16 
SDF 17.10 1.70  0.70 2.10 1.90 1.00 1.20 
IDF 43.80 31.10  8.60 11.60 11.20 11.30 11.40 
TDF 60.90 32.80  9.30 13.70 13.10 12.30 12.60 
1GE: gross energy; aEE: acid ether extract; NDF: neutral detergent fiber; ADF: acid 
detergent fiber; SDF: soluble dietary fiber; IDF: insoluble dietary fiber; TDF: total 
dietary fiber 
2Distillers dried grains with solubles 
3SF-: soluble fiber diet without carbohydrases; SF+: soluble fiber diet with 
carbohydrases; IF-: insoluble fiber diet without carbohydrases; IF+: insoluble fiber diet 
with carbohydrases; the carbohydrases contained 0.01% xylanase (Econase XT; 190,000 
BXU/g), 0.001% β-glucanase (Econase GT P; 2,320,000 BU/g), and 0.01% pectinase 
(Pectinase ABE; 560 PE/g), and the supplementation rate was based on the 
manufacturer’s recommendations (AB Vista, Plantation, FL). 
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Table 5.3. Effect of soluble or insoluble fiber diet without or with carbohydrases on 
intestinal volatile fatty acids (VFA) in weaned pigs challenged with F18 ETEC1 
Item 
Treatment2 
SEM 
Contrast P-value3 
NC PC 
 SF  IF 
 SF- SF+  IF- IF+ Fiber Enzyme F × E 
Cecal VFA, umol/g digesta           
Acetate 67.6 54.8  67.1 76.2*  44.0 40.0 5.4 < 0.001 0.214 0.713 
Propionate 42.6* 30.5  31.6 32.0  25.8 25.0 3.3 0.061 0.940 0.853 
Butyrate 18.5 13.6  16.4 14.8  13.0 11.8 2.6 0.228 0.595 0.932 
Valerate 3.7# 2.2  2.5 0.9  2.0 1.8 0.6 0.758 0.033 0.580 
Total 132.4* 101.0  117.6 123.8  84.8 86.8 10.2 0.002 0.694 0.839 
pH 5.59 5.55  5.41 5.18  5.44 5.58 0.24 0.219 0.785 0.282 
Colonic VFA, umol/g digesta           
Acetate 62.2# 53.5  66.7* 64.9*  59.1 53.4 3.1 0.005 0.240 0.543 
Propionate 22.8# 16.9  23.0* 18.6  20.4 16.6 2.0 0.256 0.046 0.870 
Butyrate 12.5 9.5  15.4* 12.5  11.0 9.8 1.6 0.021 0.169 0.542 
Valerate 4.2* 3.0  4.1# 3.1  3.6 2.8 0.4 0.349 0.025 0.831 
Isobutyrate 2.0 1.8  0.7* 1.4  1.1 1.3 0.3 0.711 0.164 0.443 
Isovalerate 3.6* 2.5  1.5# 2.3  2.0 2.3 0.4 0.524 0.152 0.414 
Total 107.3* 87.1  111.7* 102.8#  97.3 86.2 5.9 0.014 0.106 0.858 
pH 5.96 6.22  5.93# 5.64*  5.95# 5.91# 0.16 0.212 0.154 0.270 
*Indicate significant difference compared to PC (P ≤ 0.05) 
#Indicate tendency for significant difference compared to PC (0.05 < P ≤ 0.10) 
1n = 10 pigs per treatment 
2SF: soluble fiber diets without or with carbohydrases; IF: insoluble fiber diets without or 
with carbohydrases; SF-: soluble fiber diet without carbohydrases; SF+: soluble fiber diet 
with carbohydrases; IF-: insoluble fiber diet without carbohydrases; IF+: insoluble fiber 
diet with carbohydrases 
3Fiber: dietary fiber type effect (SF vs. IF); Enzyme: carbohydrases effect (without vs. 
with); F × E: fiber type by carbohydrases interaction effect 
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Figure 5.1. OTUs and alpha-diversity (Chao1 richness, Shannon and InvSimpson 
diversity indices) of bacterial community of weaned pigs challenged with F18 ETEC. (A) 
venn diagram (B) Pre-challenge fecal microbiota; Basal: control diet (n = 13); SF-: 
soluble fiber without enzymes (n = 8); SF+: soluble fiber with enzymes (n = 6); IF-: 
insoluble fiber without enzymes (n = 6); IF+: insoluble fiber with enzymes (n = 6) (C) 
Ileal microbiota; (D) Colonic microbiota;  NC: non-challenged control diet; PC: ETEC-
challenged control diet;  n = 10 pigs per treatment for ileal and colonic samples.
B. feces A. venn diagram 
D. colonic digesta C. ileal digesta 
506 
449 
476 1,615 
Colon 
Feces 
Ileum 
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Figure 5.2. Principal coordinate analysis (PCoA) score plot of ileal, colonic, fecal 
samples. (A) Unweighted UniFrac distances; (B) Weighted UniFrac distances; (C) Ileal 
digesta unweighted UniFrac distances; (D) Ileal digesta weighted UniFrac distances. NC: 
non-challenged control diet; PC: ETEC-challenged control diet; SF-: soluble fiber 
without enzymes; SF+: soluble fiber with enzymes; IF-: insoluble fiber without enzymes; 
IF+: insoluble fiber with enzymes. 
A. unweighted B. weighted 
C. ileal unweighted D. ileal weighted 
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Figure 5.3. Relative abundance of bacterial taxa in feces of pigs fed control (basal; n = 
13), soluble fiber diet without (SF-; n = 8) or with enzymes (SF+; n = 6), or insoluble 
fiber diet without (IF-; n = 6) or with enzymes (IF+; n = 6) before ETEC challenge. (A) 
phyla (B) family (C) genus 
A. phyla B. family 
C. genus 
C. genus 
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A. ileal phyla 
C. ileal family 
B. colonic phyla 
D. colonic family 
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Figure 5.4. continued 
  
 
 
 
 
 
Figure 5.4. Relative abundance of bacterial taxa in ileal and colonic digesta of pigs fed 
control diet without ETEC (NC), control diet with ETEC (PC), soluble fiber diet without 
(SF-) or with enzymes (SF+), or insoluble fiber diet without (IF-) or with enzymes (IF+) 
after an F18 ETEC challenge. (A) Ileal phyla; (B) Colonic phyla; (C) Ileal family; (D) 
Colonic family; (E) Ileal genus; (F) Colonic genus. n = 10 pigs per treatment except for 
IF- with ileal digesta from 9 pigs and SF- with colonin digesta from 8 pigs after sequence 
filtering  
E. ileal genus 
F. colonic genus 
  
 
 
    
 
    
   
Figure 5.5. LEfSe reveals predicted biological effect sizes of differential taxa in ileal microbiota of pigs fed control diet with ETEC 
(PC) vs. without ETEC (NC) or soluble fiber diet with enzymes with ETEC (SF+). (A) Histogram of the discriminant analysis (LDA)  
scores computed for features differentially abundant between NC and PC computed by LEfSe; (B) Cladogram revealing statistically 
and biologically consistent differences in detected taxa between NC and PC according to LEfSe; (C) Histogram of LDA scores 
between PC and SF+ (D) Cladogram revealing statistically and biologically consistent differences in detected taxa between PC and  
SF+; Differences are represented by the color of the treatment in which specific taxa were most abundant and the diameter of each 
circle is proportional to the relative abundance.
C. PC vs. SF+ 
 
D. PC vs. SF+ 
 
B. NC vs. PC A. NC vs. PC 
1
7
7
 
178 
 
 
 
 
  
Figure 5.6. Predicted functional metagenomes of ileal digesta microbiota of pigs fed (A) 
control diet without ETEC (NC) and with ETEC (PC); (B) PC and soluble fiber diet with 
enzymes (SF+). Linear discriminant analysis (LDA) was performed to identify significant 
changes in the proportion of reconstructed functional pathways obtained from PICRUSt 
predictive algorithms at Kyoto Encyclopaedia of Genes and Genomes (KEGG). Analysis 
was performed using linear discriminant analysis of effect size (LEfSe), a metagenome 
analysis approach which performs the LDA following the Wilcoxon Mann-Whitney test 
to assess effect size of each differentially abundant variable.  
 
Figure 5.7. Correlation coefficients between volatile fatty acids and most abundant 
microbial taxa (> 1% in at least one treatment) in the colonic digesta 
A. NC vs. PC 
 
B. PC vs. SF+ 
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Table 5.S1. Relative abundance of bacterial phylum in feces of pigs fed basal control 
diets, soluble fiber diets without (SF-) or with enzymes (SF+), or insoluble fiber diets 
without (IF-) or with enzymes (IF+), %1 
Item 
Treatment2 P-value 
Basal 
 SF  IF SF- vs. 
SF+ 
IF- vs. 
IF+  SF- SF+  IF- IF+ 
Actinobacteria 1.90  1.70 1.72  1.58 2.03 NS NS 
Bacteroidetes 24.55  28.52 28.01  28.67 32.44 NS NS 
Firmicutes 65.62  62.94 63.06  62.49 55.35 NS NS 
Fusobacteria 0.38  0.06 1.01  0.07 0.04 NS NS 
Proteobacteria 1.63  0.93 0.97  1.13 1.18 NS NS 
Saccharibacteria 3.39  4.89 4.10  3.98 8.17 NS NS 
Spirochaetae 0.75  0.04 0.03  0.05 0.10 NS NS 
Tenericutes 0.93  0.36 0.44  0.62 0.44 NS NS 
Verrucomicrobia 0.61  0.04 0.06  0.01 0.01 NS NS 
1n = 6 pigs per treatment except for basal with 13 pigs and SF+ with 8 pigs 
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Table 5.S2. Relative abundance of bacterial family in feces of pigs fed basal control 
diets, soluble fiber diets without (SF-) or with enzymes (SF+), or insoluble fiber diets 
without (IF-) or with enzymes (IF+), %1 
Item 
Treatment2 P-value 
Basal 
 SF  IF SF- vs. 
SF+ 
IF- vs. 
IF+  SF- SF+  IF- IF+ 
Actinobacteria          
Coriobacteriaceae 1.12  1.11 1.05  1.48 1.58 NS NS 
Bacteroidetes          
Bacteroidaceae 1.20   0.15* 0.32   0.14* 0.29 NS NS 
Bacteroidales S24-7 
group 4.37  5.87 8.03  5.98 6.30 
NS NS 
Prevotellaceae 14.51  15.71 16.10  17.28 20.64 NS NS 
Rikenellaceae 2.50  4.45 2.19  4.32 3.58 NS NS 
Firmicutes          
Acidaminococcaceae 9.89  14.84 12.05  10.65 10.27 NS NS 
Christensenellaceae 2.11  1.21 2.61  2.27 1.32 NS NS 
Clostridiaceae 1 0.15  0.08 0.16  1.21 0.16 NS NS 
Lachnospiraceae 6.07  5.74 6.72  6.81 4.73 NS NS 
Lactobacillaceae 7.38   4.01 5.57   3.93 2.48* NS NS 
Ruminococcaceae 18.13  20.39 17.14  18.40 16.09 NS NS 
Streptococcaceae 0.09   0.16 1.04*   0.29 0.08 NS NS 
Veillonellaceae 17.10  12.02 11.10  15.46 11.01 NS NS 
Planctomycetes          
Planctomycetaceae 0.38  0.06 1.01  0.07 0.04 NS NS 
Spirochaetae          
Spirochaetaceae 3.39  4.89 4.10  3.98 8.17 NS NS 
*Indicate significant difference compared to basal (P ≤ 0.05) 
#Indicate tendency for significant difference compared to basal (0.05 < P ≤ 0.10) 
1n = 10 pigs per treatment except for basal with 13 pigs and SF+ with 8 pigs 
  
 
Table 5.S3. Relative abundance of bacterial genus in feces of pigs fed basal control diets, soluble fiber diets without (SF-) or with 
enzymes (SF+), or insoluble fiber diets without (IF-) or with enzymes (IF+), %1 
Taxonomy Item 
Treatment2 P-value 
Basal 
 SF  IF SF- vs. 
SF+ 
IF- vs. IF+ 
 SF- SF+  IF- IF+ 
Bacteroidetes           
Bacteroidaceae Bacteroides 1.20  0.15* 0.32  0.14* 0.29* NS NS 
Bacteroidales S24-7 
group 
Bacteroidales S24-7 group ge 
4.37  5.87 8.03  5.98 6.30 NS NS 
Prevotellaceae Alloprevotella 2.61  1.65 2.69  3.53 1.68 NS NS 
Prevotellaceae Prevotella 1 0.86  1.55 0.23  0.51 2.45 NS NS 
Prevotellaceae Prevotella 7 0.21  0.32 1.71  0.01 0.05 NS NS 
Prevotellaceae Prevotella 9 0.93  1.88 4.13  1.46 2.99 NS NS 
Prevotellaceae Prevotellaceae NK3B31 group 1.78  2.31 2.21  1.69 3.68 NS NS 
Prevotellaceae Prevotellaceae UCG-001 1.36  0.23 0.34  1.17 2.25 NS NS 
Prevotellaceae Prevotellaceae UCG-003 0.66  0.76 0.43  3.04 0.52 NS NS 
Prevotellaceae uncultured 0.05  0.01 0.21  0.30 1.70* NS NS 
Rikenellaceae Rikenellaceae RC9 gut group 2.18  4.36 2.10  4.11 3.42 NS NS 
Firmicutes           
Acidaminococcaceae Phascolarctobacterium 9.48  14.57 11.62  10.40 10.05 NS NS 
Christensenellaceae Christensenellaceae R-7 group 2.08  1.18 2.58  2.26 1.30 NS NS 
Clostridiaceae 1 Clostridium sensu stricto 1 0.11  0.06 0.15  1.11 0.11 NS NS 
Lachnospiraceae Lachnospiraceae AC2044 group 1.05  0.53 0.15  0.69 0.25 NS NS 
Lachnospiraceae Lachnospiraceae NK4A136 
group 
0.51  0.31 0.53  0.43 1.17 NS NS 
Lachnospiraceae Lachnospiraceae XPB1014 
group 
0.37  0.66 1.26  0.40 0.39 NS NS 
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Table 5.S7 continued           
Lactobacillaceae Lactobacillus 7.38  4.01 5.57  3.93 2.48 NS NS 
Ruminococcaceae Faecalibacterium 2.32  0.25* 0.51  0.75 0.43 NS NS 
Ruminococcaceae Oscillospira 0.43  1.15 0.28  0.46 0.32 NS NS 
Ruminococcaceae Ruminococcaceae ge 1.00  1.51 1.26  1.75 0.76 NS NS 
Ruminococcaceae Ruminococcaceae NK4A214 
group 
1.49  1.72 1.54  1.69 1.63 NS NS 
Ruminococcaceae Ruminococcaceae UCG-002 3.52  3.31 4.06  3.04 4.39 NS NS 
Ruminococcaceae Ruminococcaceae UCG-005 1.31  1.81 2.43  2.45 1.00 NS NS 
Ruminococcaceae Ruminococcus 1 0.89  3.27 1.44  1.57 1.97 NS NS 
Streptococcaceae Streptococcus 0.09  0.16 1.04  0.29 0.08 NS NS 
Veillonellaceae Anaerovibrio 0.88  1.55 2.09  0.91 1.33 NS NS 
Veillonellaceae Megasphaera 14.10  9.60 7.72  11.38 6.90 NS NS 
Spirochaetae           
Spirochaetaceae Treponema 2 3.36  4.85 4.08  3.94 8.11 NS NS 
*Indicate significant difference compared to basal (P ≤ 0.05) 
#Indicate tendency for significant difference compared to basal (0.05 < P ≤ 0.10) 
1n = 10 pigs per treatment except for basal with 13 pigs and SF+ with 8 pigs 
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Table 5.S4. Relative abundance of bacterial taxa in ileal digesta of pigs fed control diet 
without ETEC (NC), control diet with ETEC (PC), soluble fiber diet without (SF-) or 
with enzymes (SF+), or insoluble fiber diet without (IF-) or with enzymes (IF+) after an 
F18 ETEC challenge, %1 
Item 
Treatment2 P-value 
NC PC 
 SF  IF SF- vs. 
SF+ 
IF- vs. 
IF+  SF- SF+  IF- IF+ 
Actinobacteria 0.93# 0.56  0.44 0.79#  0.77 0.36 NS NS 
Bacteroidetes  0.17 1.12  0.42# 1.28#  0.05 1.02 NS NS 
Prevotellaceae 0.07 0.24  0.39# 1.19*  0.04 0.88# NS 0.029 
Firmicutes 97.40* 47.28  59.96 90.25  91.93 76.62 NS NS 
Clostridiaceae 1 0.32 0.11  1.50 8.52*  0.38 6.80* 0.035 <0.01 
Clostridium sensu 
stricto 1 
0.30 0.07  1.40* 7.82*  0.01 6.75* NS <0.01 
Erysipelotrichaceae 0.06 0.06  1.19* 1.64*  0.01* 0.20 NS <0.01 
Turicibacter 0.05 0.05  1.16* 1.62*  0.002# 0.18 NS <0.01 
Lachnospiraceae 0.01 0.03  0.03 0.10  0.08 5.37* NS <0.01 
Roseburia 0.002 0.0003  0.003* 0.003*  0.001 4.28* NS <0.01 
Lactobacillaceae 91.99 44.32  48.94 59.03  82.74 57.92* NS NS 
Lactobacillus 91.99 44.32  48.94 59.03  82.74 57.92* NS NS 
Streptococcaceae 0.64 0.34  4.35* 16.38*  0.31 0.23 NS NS 
Streptococcus 0.53 0.32  4.35* 16.34*  0.27 0.22 NS NS 
Veillonellaceae 3.79 2.05  2.62 3.52  7.79 5.17 NS NS 
Megasphaera 1.71 0.71  2.04 2.14  4.28 2.29 NS NS 
Veillonella 1.00 0.83  0.16 0.55  3.07 1.95 NS NS 
Proteobacteria 1.44* 51.01  39.16 7.68  7.23* 21.98 NS NS 
Enterobacteriaceae 0.49* 40.40  38.70 4.99#  4.39# 14.05 0.035 NS 
Escherichia-
Shigella 
0.47* 40.39  38.69 4.97#  4.38 13.96 <0.01 NS 
Pasteurellaceae 0.89 8.91  0.25* 1.79  2.76 7.13 0.061 NS 
Actinobacillus 0.84 8.17  0.23* 1.66  2.55 6.23 NS NS 
*Indicate significant difference compared to PC (P ≤ 0.05) 
#Indicate tendency for significant difference compared to PC (0.05 < P ≤ 0.10) 
1n = 10 pigs per treatment except for IF- with 9 pigs
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Table 5.S5. Relative abundance of bacterial phylum in colonic digesta of pigs fed control 
diet without ETEC (NC), control diet with ETEC (PC), soluble fiber diet without (SF-) or 
with enzymes (SF+), or insoluble fiber diet without (IF-) or with enzymes (IF+) after an 
F18 ETEC challenge, %1 
Item 
Treatment2 P-value 
NC PC 
 SF  IF SF- vs. 
SF+ 
IF- vs. 
IF+  SF- SF+  IF- IF+ 
Actinobacteria 1.27# 0.63  0.64 1.19  0.92 0.46 NS NS 
Bacteroidetes 17.91 27.27  26.11 22.62  25.95 31.48 NS NS 
Firmicutes 79.62* 56.14   63.50 71.83   68.49 60.65 NS NS 
Fusobacteria 0.001 0.77  0.18 0.00  0.00 0.01 NS NS 
Proteobacteria 0.27* 5.69   7.85 1.45   1.69 3.59 NS NS 
Saccharibacteria 0.08 0.01  0.03 0.37  0.66 0.05 NS NS 
Spirochaetae 0.47 1.74  1.14 1.42  1.73 3.11 NS NS 
Tenericutes 0.11 0.13  0.08 0.69  0.24 0.25 NS NS 
Verrucomicrobia 0.02 7.01  0.00 0.07  0.01 0.15 NS NS 
*Indicate significant difference compared to PC (P ≤ 0.05) 
#Indicate tendency for significant difference compared to PC (0.05 < P ≤ 0.10) 
1n = 10 pigs per treatment except for SF- with 8 pigs 
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Table 5.S6. Relative abundance of bacterial family in colonic digesta of pigs fed control 
diet without ETEC (NC), control diet with ETEC (PC), soluble fiber diet without (SF-) or 
with enzymes (SF+), or insoluble fiber diet without (IF-) or with enzymes (IF+) after an 
F18 ETEC challenge, %1 
Item 
Treatment2 P-value 
NC PC 
 SF  IF SF- vs. 
SF+ 
IF- vs. 
IF+  SF- SF+  IF- IF+ 
Actinobacteria           
Coriobacteriaceae 1.10 0.53  0.58 0.88  0.75 0.38 NS NS 
Bacteroidetes           
Bacteroidaceae 0.27 1.39  1.53 0.29  0.15# 0.48 NS NS 
Bacteroidales S24-
7 group 
2.27 2.68  1.31 2.28  2.81 3.05 NS NS 
Porphyromonadace
ae 
0.18* 1.65  1.27 0.29*  0.50 0.52 NS NS 
Prevotellaceae 10.93 16.97  16.49 11.74  17.49 21.71 NS NS 
Rikenellaceae 3.51 3.20  4.58 7.54  4.51 4.01 NS NS 
Firmicutes           
Acidaminococcacea
e 
17.60 14.69  16.63 12.22  19.35 19.93 NS NS 
Christensenellaceae 0.52 0.49  0.44 1.02  0.44 0.44 NS NS 
Lachnospiraceae 7.93 8.51  10.68 13.04  10.57 8.74 NS NS 
Lactobacillaceae 18.35* 5.41  5.62 11.77  10.50 5.66 NS NS 
Ruminococcaceae 14.94 10.81  13.59 19.38  12.71 15.29 NS NS 
Streptococcaceae 0.03 0.10  0.13 1.06*  0.09 0.05 NS NS 
Veillonellaceae 17.91 12.94  13.23 9.39  12.68 6.29 NS NS 
Proteobacteria           
Enterobacteriaceae 0.03* 4.22  7.03 0.94  0.71 2.33 NS NS 
Spirochaetae           
Spirochaetaceae 0.47 1.74  1.14 1.42  1.73 3.11 NS NS 
Verrucomicrobia           
Verrucomicrobiace
ae 
0.01 6.96  0.001 0.05  0.01 0.14 NS NS 
*Indicate significant difference compared to PC (P ≤ 0.05) 
#Indicate tendency for significant difference compared to PC (0.05 < P ≤ 0.10) 
1n = 10 pigs per treatment except for SF- with 8 pigs
  
 
Table 5.S7. Relative abundance of bacterial genus in colonic digesta of pigs fed control diet without ETEC (NC), control diet with 
ETEC (PC), soluble fiber diet without (SF-) or with enzymes (SF+), or insoluble fiber diet without (IF-) or with enzymes (IF+) after 
an F18 ETEC challenge, %1 
Taxonomy  
Treatment2 P-value 
NC PC 
 SF  IF SF- vs. 
SF+ 
IF- vs. 
IF+  SF- SF+  IF- IF+ 
Bacteroidetes            
Bacteroidaceae Bacteroides 0.27 1.39  1.53 0.29  0.15# 0.48 NS NS 
Bacteroidales S24-7 
group 
Bacteroidales S24-7 group 
ge 
2.27 2.68  1.31 2.28  2.81 3.05 NS NS 
Porphyromonadaceae Odoribacter 0.004 1.07  0.20* 0.00*  0.01 0.01 NS NS 
Porphyromonadaceae Parabacteroides 0.16 0.49  1.02 0.23  0.45 0.48 NS NS 
Prevotellaceae Alloprevotella 2.52 7.87  6.02 3.04  5.16 9.22 NS NS 
Prevotellaceae Prevotella 7 1.16# 0.03  2.15* 0.63  0.38 0.04 NS NS 
Prevotellaceae Prevotella 9 2.92 1.14  2.50 3.15  4.73 2.58 NS NS 
Prevotellaceae Prevotellaceae NK3B31 
group 
0.82 1.12  1.37 2.43  1.15 1.99 NS NS 
Prevotellaceae Prevotellaceae UCG-001 0.10 0.06  0.41 0.04  0.25 1.02 NS NS 
Prevotellaceae Prevotellaceae UCG-003 1.11 2.72  1.64 0.62#  2.25 2.05 NS NS 
Prevotellaceae uncultured 0.11 0.15  0.09 0.07  0.89 1.49 NS NS 
Rikenellaceae Rikenellaceae RC9 gut group 3.37 2.70  3.73 7.43  4.40 3.81 NS NS 
Firmicutes            
Acidaminococcaceae Phascolarctobacterium 17.26 14.55  16.31 12.13  19.09 19.85 NS NS 
Christensenellaceae Christensenellaceae R-7 
group 
0.51 0.45  0.41 1.00  0.42 0.43 NS NS 
Lachnospiraceae Blautia 1.01 0.72  1.51 2.48  1.25 0.89 NS NS 
Lachnospiraceae Coprococcus 1 0.93 0.28  0.09 0.39  0.55 1.04 NS NS 
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Table 5.S7 continued            
Lachnospiraceae Coprococcus 3 1.14 0.77  0.69 1.68  0.70 0.81 NS NS 
Lachnospiraceae Lachnoclostridium 0.06* 2.31  0.25* 0.03*  0.04* 0.08* NS NS 
Lachnospiraceae Roseburia 1.03 1.28  1.86 1.95  3.14 1.15 NS NS 
Lactobacillaceae Lactobacillus 18.35* 5.41  5.62 11.77  10.50 5.66 NS NS 
Ruminococcaceae Faecalibacterium 2.64 0.67  0.78 2.18  1.22 1.18 NS NS 
Ruminococcaceae Ruminococcaceae NK4A214 
group 
0.97 0.64  1.05 1.70#  0.93 1.29 NS NS 
Ruminococcaceae Ruminococcaceae UCG-002 2.04 1.47  2.08 3.14  1.55 2.15 NS NS 
Ruminococcaceae Ruminococcaceae UCG-005 0.96 0.61  0.86 1.40  1.26 1.26 NS NS 
Ruminococcaceae Ruminococcaceae UCG-014 0.52 0.28  0.56 1.45#  0.44 0.58 NS NS 
Ruminococcaceae Ruminococcus 1 1.43 0.79  1.77 0.99  1.34 1.71 NS NS 
Ruminococcaceae Subdoligranulum 1.17 1.02  0.50 1.82  0.61 0.61 NS NS 
Streptococcaceae Streptococcus 0.03 0.10  0.13 1.06#  0.09 0.05 NS NS 
Veillonellaceae Anaerovibrio 3.62# 0.80  3.41 0.78  2.28 1.32 NS NS 
Veillonellaceae Megasphaera 12.73 10.55  4.99 2.78  8.06 2.39 NS NS 
Veillonellaceae Schwartzia 0.001 0.00  0.001 2.09  0.001 0.00 NS NS 
Veillonellaceae Selenomonas 0.13 0.04  0.02 0.12  1.06 0.08 NS NS 
Veillonellaceae Veillonella 0.18 0.40  1.71 0.02*  0.41 0.96 <0.01 NS 
Proteobacteria            
Enterobacteriaceae Escherichia-Shigella 0.03* 4.10  6.82 0.94  0.71 2.33 NS NS 
Spirochaetae            
Spirochaetaceae Treponema 2 0.46 1.71  1.13 1.39  1.71 3.10 NS NS 
Verrucomicrobia           
Verrucomicrobiaceae Akkermansia 0.01 6.96  0.001 0.05  0.01 0.14 NS NS 
*Indicate significant difference compared to PC (P ≤ 0.05) 
#Indicate tendency for significant difference compared to PC (0.05 < P ≤ 0.10) 
1n = 10 pigs per treatment except for SF- with 8 pigs 
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Table 5.S8. Correlation coefficients between volatile fatty acids and most abundant 
microbial taxa (> 1% in at least one treatment) in the colonic digesta1 
Bacteria Volatile fatty acids R P-value 
Lachnoclostridium Acetic acid -0.35 0.074 
 Propionic acid -0.41 0.031 
Blautia Acetic acid 0.41 0.031 
Ruminococcaceae UCG 014 Butyric acid 0.37 0.065 
 Isobutyric acid -0.36 0.068 
Treponema 2 Valeric acid -0.36 0.067 
Akkermansia Propionic acid -0.36 0.068 
Prevotella 9 Butyric acid 0.48 <0.001 
 Valeric acid 0.44 0.018 
Prevotella_7 Butyric acid 0.44 0.017 
 Valeric acid 0.39 0.044 
Bacteroides Acetic acid -0.36 0.067 
 Propionic acid -0.47 0.009 
 Butyric acid -0.50 0.006 
 Valeric acid -0.46 0.013 
Selenomonas Valeric acid 0.40 0.039 
Megasphaera Valeric acid 0.59 <0.001 
1Only significant and tendency for significant correlations were shown 
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CHAPTER VI 
 
INTEGRATIVE SUMMARY 
 
General discussion 
Higher-fiber coproducts are being increasingly used in swine diets to reduce feed 
cost, especially in growing-finishing pigs. Young pigs are not efficient at utilizing dietary 
fiber due to their limited fermentation capability and physical gut capacity (Li and 
Patience, 2016), thus minimal levels of dietary fiber are typically included in weaned pig 
diets (Agyekum and Nyachoti, 2017). Due to the potential benefit of dietary fiber in 
improving gut health (e.g., prebiotic effects, enhancement of gut function, and 
modulation of intestinal digesta transition), interest in the use of higher-fiber coproducts 
in weaned pig diets has been growing in recent years (Agyekum and Nyachoti, 2017). To 
maximize the nutritional value of higher-fiber coproducts and mitigate their possible 
negative effects on nutrient utilization and growth performance in young pigs, exogenous 
carbohydrases are widely used (Bedford and Cowieson, 2012). However, the results have 
been inconsistent and a better understanding of associated mechanisms of carbohydrases 
in pigs is needed (Adeola and Cowieson, 2011). Such information will allow more 
efficient use of those enzymes to improve feed utilization and production of nursery pigs.  
Given the potential gut health benefits of dietary fiber and fiber-degrading 
enzymes, they may improve disease resilience of young pigs in the face of a pathogenic 
bacterial challenge. Post-weaning diarrhea caused by ETEC is an economically important 
disease in the swine industry. However, previous results regarding the impact of soluble 
versus insoluble fiber on PWD in weaned pigs have been conflicting. This highlights the 
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need to better understand the mechanisms by which different sources of fiber mitigate or 
exacerbate PWD. Currently, limited research has evaluated if the addition of 
carbohydrase to higher-fiber diets can mitigate PWD in pigs. Research in this area may 
help develop nutritional strategies to control PWD and support reduced use of antibiotics 
in pork production. Therefore, the overall objective of this dissertation research was to 
evaluate the impact of exogenous carbohydrases and dietary fiber in weaned pigs under 
normal physiological and ETEC-challenged conditions and to elucidate their associated 
modes of action. 
Currently, there is a lack of information on the mode of action of carbohydrases 
on the metabolic and physiological responses, such as gut barrier function and 
inflammation, in pigs fed higher-fiber diets. Modulation of inflammation is assumed to 
regulate the partitioning of energy and nutrients between supporting animal growth and 
maintaining immune system function (Lochmiller and Deerenberg, 2000; Huntley et al., 
2018). Therefore, the objective of Experiment 1 (Chapters 2 and 3) was to test our 
hypothesis that the addition of xylanase (X) and/or a carbohydrase enzyme blend (EB) 
would beneficially alter intestinal microbiota, suppress markers of inflammation, improve 
intestinal barrier integrity, increase nutrient digestibility, and thereby enhance growth 
performance of weaned pigs fed higher fiber diets.  
The data from this experiment partially supported our hypothesis. The EB 
enhanced small intestinal barrier integrity, reduced local and systemic markers of 
inflammation, and improved growth rate of pigs. This provides evidence of mode of 
action of EB in improving gut barrier function and reducing inflammation to spare energy 
and nutrient for growth in weaned pigs. Although ATTD of nutrients was not affected by 
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EB except for ADF, which was enhanced, it remains unknown if AID of energy and 
nutrients was elevated and contributed to improved growth of those pigs. The improved 
small intestinal barrier integrity and decreased concentration of total VFA in the large 
intestine of pigs fed EB suggests that EB addition may shift fiber degradation from the 
hindgut to the small intestine. This is supported by (Zeng et al., 2018). Energy absorbed 
as glucose in the small intestine will be used by the pig with greater efficiency than as 
VFA produced by fermentation in the hindgut (Patience, 2017).  
Contradictory to our hypothesis, qPCR results showed that EB decreased colonic 
Lactobacillus, and X decreased ileal Lactobacillus and increased ileal and cecal 
Enterobacteriaceae. The reason for this is likely due to accelerated starch removal and 
fiber degradation in the small intestine (Bedford and Cowieson, 2012).  
Clearly, exogenous enzymes, especially an enzyme blend that matches the dietary 
NSP substrates, can be used to improve gut health and growth performance of nursery 
pigs. It is known that immune challenges compromise gut health and impair protein and 
fat deposition in pigs (Huntley et al., 2018). This raises the question: “Can these enzymes 
protect weaned pigs against intestinal bacterial infection and maintain growth during a 
health challenged period?”.  
Therefore, a F18 ETEC challenge model was used in Experiment 2 (Chapters 4 
and 5). This experiment was to test our hypotheses: 1) the inclusion of SF (10% SBP) or 
IF (15% corn DDGS) would mitigate PWD, and 2) the addition of a carbohydrase blend 
(xylanase, β-glucanase, and pectinase) would protect pigs against PWD as well as 
maintain growth performance. The response variables included incidence of diarrhea 
(clinical), immune response (immunological), the gut microbiota (microbiological), and 
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growth performance (phenotypical) to understand the mode of actions of these dietary 
interventions in weaned pigs under an ETEC challenge. Our challenge model was 
successful based on differences in the incidence of diarrhea, ileal microbiota, and growth 
performance during the 14-day trial between NC and PC. This success sets a solid base to 
evaluate the effectiveness of dietary intervention strategies.  
While SF- had no impact on incidence of diarrhea and overall growth, SF- reduced 
E. coli attachment, increased CLDN1 mRNA, and modulated the relative abundance of 
microbiota in the ileum as well as improved VFA, particularly butyrate concentration, in 
the colon. These indicate benefits to gut health. Pigs fed SF+ had greater ADG than pigs 
fed PC and had a final BW similar to that in non-challenged pigs, partially supporting our 
second hypothesis. This may be explained by the reduction in the relative abundance of 
ileal Escherichia-Shigella and increases in potentially beneficial bacteria (Lactobacillus, 
Roseburia, Erysipelotrichaceae, some strains of Streptococcus). The greater ileal and 
colonic OCLN mRNA, reduced ileal TNFα mRNA, and lower serum haptoglobin levels 
on dpi 3 may also contribute to the enhanced growth performance in SF+. It appears that 
exogenous enzymes effectively degraded the soluble fiber in the small intestine to provide 
benefits in ETEC-challenged pigs.  
By contrast, IF- exacerbated PWD by increasing the incidence of diarrhea and 
hemolytic E. coli shedding. This contradicts the reported beneficial effects of adding 
insoluble fiber from wheat bran on reducing diarrhea in weaned pigs challenged with 
ETEC (Molist et al., 2010). The reasons for this discrepancy between studies could be 
attributed to differences in the chemical composition and inclusion levels of insoluble fiber. 
Pigs fed IF+ had lower CD14 mRNA in the ileum and serum C-reactive protein on dpi 3, as 
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well as greater relative abundance of Roseburia and Lactobacillus in the ileum. The 
differences between pigs fed IF- and IF+ provide evidence on benefits of supplementing 
enzymes to insoluble fiber diets.  
Additionally, SF seems to be more effective in improving gut health of pigs after 
an ETEC infection than IF, regardless of enzyme supplementation. This view is 
supported by the reduced incidence of diarrhea, fecal hemolytic E. coli shedding, and 
serum haptoglobin on dpi 3 in SF compared to IF. Moreover, pigs fed SF had greater 
mRNA abundance of tight junction protein genes (ileal CLDN1 and colonic OCDN and 
ZO-1) and increased concentrations of VFA in the large intestine than IF. Probably 
because of large intra- and inter-group variations, these changes did not result in 
significant differences in performance between SF and IF. However, in commercial 
settings where pigs facing more stress than the current experimental condition and with a 
bigger group of test pigs, improved growth are more likely to be expected from pigs fed 
SF.  
Therefore, a carbohydrase blend supplementation in diets containing a soluble and 
highly fermentable fiber from SBP could be used to improve gut health and growth 
performance in pigs under moderate F18 ETEC challenge. The use of an insoluble and 
less fermentable fiber from DDGS may be avoided in feeding nursery pigs at risk of 
PWD.  
Overall, this dissertation thoroughly evaluated the impact of exogenous 
carbohydrase in weaned pigs; elucidating additional mechanisms (beyond nutrient 
utilization and microbiota) whereby carbohydrases enhance growth performance of 
weaned pigs. This research also shed light on gut health benefits of the addition of 
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carbohydrases in higher-fiber diets in weaned pigs challenged with ETEC. Pigs fed the 
soluble fiber diets with enzymes were able to maintain growth performance similar to 
that of the non-challenged pigs. Although soluble fiber alone from SBP did not protect 
pigs against ETEC infection, soluble fiber was more effective in enhancing gut health of 
than insoluble fiber in those pigs. Data from this dissertation suggest that appropriate use 
of exogenous carbohydrases in higher-fiber diets (with the right type and amount of 
enzyme substrate) is promising in improving gut health and growth performance in 
weaned pigs. As such, exogenous carbohydrases may be used as an effective alternative 
feeding strategy to support reduced use of antibiotic growth promoters.  
Recommendations for future research 
Future directions to expand upon this work include characterization and 
quantification of in situ release of fiber hydrolysis products by supplementing 
carbohydrases in both small and large intestines of pigs fed higher-fiber diets. It will 
provide insights into the association between microbial activity (and/or microbial 
metabolites) and specific hydrolysis products. There is also a need to understand the 
complex interactions between dietary fiber and/or carbohydrase, luminal and mucosal 
microbiota, and host defense immunity as well as to what extent each of those 
components plays a role in impacting growth performance of pigs. To achieve this, 
molecular techniques (e.g., 16S rRNA sequencing, metagenomics, and 
metatranscriptomics) can be used as powerful tools. These studies will lead to an 
improved understanding of the nutritional, physiological, and metabolic effect of dietary 
fiber and carbohydrases in pigs. Such information will help nutritionists to improve the 
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productivity and efficiency of pork production through more effective use of fibrous 
coproducts and carbohydrases. 
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